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ABSTRACT

Odor problems are a common complaint from residents living near landfills.
Many compounds can cause malodorous conditions. However, hydrogen sulfide (H2S)
has been identified as a principal odorous component from construction and demolition
debris (C&D) landfills. Although several studies have reported the ambient
concentrations of H2S near C&D landfills, few studies have quantified emission rates of
H2S. The most widely used and proven technique for measuring gas emission rates from
landfills is the flux chamber method. Typically the flux chamber is a cylindrical
enclosure device with a spherical top which limits the gas emission area. Pure zero grade
air is introduced into the chamber, allowed to mix with emitting gases captured from the
landfill surface, and then transported to the exit port where concentrations can be
measured. Flux measurements using the flux chamber were performed at five different
C&D landfills from June to August, 2003. The flux rates of H2S measured in this
research were three to six orders of magnitude lower than the flux rates of methane
reported in the literature.
In addition to the H2S flux measurements, dispersion modeling was conducted,
using the EPA dispersion model, Industrial Source Complex Short Term (ISCST3), in
order to evaluate impacts on landfill workers and communities around the landfills. The
modeling results were analyzed to estimate the potential ground level maximum H2S
concentrations for 1-hr and 3-min periods and the frequency (occurrences per year) above
ii

the H2S odor detection threshold for each landfill. Odor complaints could be expected
from four among five landfills selected for this study, based on 0.5-ppb odor detection
threshold.
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CHAPTER 1
INTRODUCTION

1.1 Introduction
Construction and Demolition (C&D) debris landfills have a number of different
wastes discarded in them including concrete fragments, gypsum wall board, plastic waste,
steel, rubber waste, scrap metal, glass, pottery waste, and yard waste (Takesita et al,
2003; Florida Administration Code 62.701.200) and have been known as a source of
odors at many locations in Florida (Flynn, 1998; Lee, 2000). Odor problems are a
common complaint from residents living near landfills. The sources of odor from C&D
landfills are different from those of municipal solid waste (MSW) landfills. Since MSW
contains much more biodegradable organic compounds and moisture, biological
decomposition processes within the landfill are promoted resulting in production of
landfill gas (LFG).
The LFG from MSW consists of 40 to 60 percent methane, 40 to 45 percent
carbon dioxide, and a trace amount of non-methane organic compounds (NMOCs), many
of which are quite odorous (EMCON, 1982). C&D landfills, on the other hand, generate
less gas, which is not typically collected and recycled, as is the case with MSW landfill
gases (Lee, 2000). However, often C&D landfills suffer from the problem of hydrogen
sulfide generation. Hydrogen sulfide is the principal odorous component of gas at C&D
Landfills (Conner, 1995; FDH, 2000).
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Gypsum drywall, one of the major components of C&D wastes, is the main
source of hydrogen sulfide (Fairweather and Barlaz, 1998; Flynn, 1998). Drywall,
consisting of calcium sulfate and water with paper facing and backing, has been widely
used as interior walls in construction due to its high fire resistance (Townsend, 1998).
When gypsum drywall comes in contact with water within the landfill, sulfate and
calcium are released into solution. Sulfate-reducing bacteria utilize sulfate as electron
donors to produce hydrogen sulfide (Gypsum Association, 1992).
In addition to malodor problems, hydrogen sulfide gas has been identified to have
many adverse effects on human health. Kilburn and Warshaw (1995) reported that
workers and residents exposed to hydrogen sulfide complained of nausea, headache,
vomiting, breathing abnormalities, nosebleeds, depression, and personality changes. Also,
Richardson et al. (1992) showed that exposure to hydrogen sulfide was associated with
reduced lung function.

1.2 Problem Statement
Prior to investigating the appropriate methods to control hydrogen sulfide at C&D
landfills, estimating and predicting the gas flux rate is essential. Though several studies
have reported the ambient concentrations of H2S near C&D landfills, few studies have
quantified emission rates of H2S. Measuring gas emission rates from landfills is very
difficult because it is quite variable. Gas emission rates change as a function of pH,
temperature, moisture content of waste, waste age, waste composition, and weather. The
most widely used and proven technique for measuring gas emission rates from landfills is
the flux chamber method (Cooper et al., 1992; Liao and Chou, 1998; Gowing and
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Farquhar, 1997). This method has many advantages such as being simple, economical,
portable, and accurate compared to other methods. The flux chamber is typically a
cylindrical enclosure device with a spherical top which limits the gas emission area. Pure
zero grade air is introduced into the chamber, allowed to mix with emitting gases
captured from the landfill, and then transported to the exit port where pertinent gas
components are measured (Klenbusch, 1986; Cooper et al., 1992; Rash, 1992). This study
estimated the amount and variation of hydrogen sulfide emission rates using the flux
chamber method. In addition to the H2S flux measurements, dispersion modeling was
used to predict how H2S odors from C&D landfills affect people who work on the sites
and live around the landfills.
This thesis includes a literature review on C&D Landfill, gypsum drywall, H2S
characteristics, H2S control technologies in landfills, and several methods of flux
measurements of landfill gas in Chapter 2. Chapter 3 provides an overview of method
and materials used in this study. The hydrogen sulfide flux data from C&D landfills is
provided and the impact on ambient H2S concentration is estimated using atmospheric
dispersion modeling in Chapter 4. Chapters 5 and 6 provide results and conclusions,
respectively.
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CHAPTER 2
LITERATURE REVIEW

2.1 C&D Waste
In Florida Administrative Code (FAC) 62.701.200, the state defines C&D waste
as “discarded materials generally considered to be not water soluble and non-hazardous
in nature, including but not limited to steel, glass, brick, concrete, asphalt material, pipe,
gypsum wallboard, and lumber, from the construction or destruction of a structure as part
of a construction or demolition project or from the renovation of a structures at a site
remote from the construction or demolition project site. The term includes rocks, soils,
tree remains, trees and other vegetative material which results from land clearing or land
development operations for a construction project… unpainted, non treated wood scarps
from facilities manufacturing materials used for construction of structures or their
components and unpainted, non treated wood pallets provided the wood scraps and
pallets are separated from other solid waste; and de minimis the amount of other nonhazardous wastes that are generated at construction or demolition projects…”
In spite of the limited definition of C&D waste, hazardous waste and municipal
solid waste (MSW) are often present in C&D waste. C&D waste can be divided into 14
major components (US. EPA, 1998; Chakrabarti, 2002) as shown in Table 1.
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Table 1 Components of C&D Waste
Components
Wood

Description (Content example)
Dimensional lumber, plywood, oriented strand board, particle
board, laminates, scraps.

Concrete

Rubble, block (whole or broken).

Drywall

Sheetrock, gypsum, plaster.

Metal

Pipes, re-bar, sheet metal, wire/cable, fasteners, metal buckets
Aluminum, copper, brass, steel.

Paper/Cardboard

Cardboard box, packages, packing materials.

Roofing Material

Asphalt shingles, tarpaper, roofing compound and clay tile shingles.

Plastic

Vinyl siding, doors, windows, floor tile, pipes.

MSW

Not generated during construction, demolition or renovation of
building such as food waste, Food wrappers, bottles, paper bags.

Carpet/Padding

Woven wool, synthetic fiber.

Insulation

Fiber glass, venting or air conditioning ducts

Buckets

Plastic containers, barrels.

Vegetative debris

Stumps, branches, brush.

Dirt/Soil/Rocks

Material generated from earthwork other than vegetative debris.

Other

Byproduct of construction, demolition or renovation of building
such as rubber hose, television set.

(Source: US EPA, 1998; Chakrabarti, 2002)

The amount of C&D waste generated in 1996 in the U.S. was about 136 million
tons (US EPA,1998). The major portion was building-related C&D debris. The wastes
from road and bridge construction were excluded in this estimation (Franklin Associates,
1998).
The Florida Department of Environmental Protection (FDEP, 1999) reported that
Florida generated nearly 5.9 million tons of C&D waste in 1998, accounting for
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approximately 25 % of the total Florida solid waste stream. This estimation, however,
does not account for C&D debris coming from roads and bridges. Reinhart and
Townsend (2001) reported that 9.4 million tons of C&D waste were generated from all
sources in 1998 in Florida.
There is a trend toward increasing recovery of C&D waste in the U.S. In 1996,
twenty to thirty percent of building-related C&D waste in the U.S. was recovered (US
EPA, 1998). There are approximately 3,500 recycling facilities processing C&D debris in
the U.S. (US EPA, 1998). Most of the recovered materials are wood, concrete, asphalt
and metals. Metals have the highest recycling rate of all C&D debris. The Steel
Recycling Institute reported that nearly 85 percent of steel is recycled (US EPA, 1998).

2.2 Hydrogen Sulfide Chemistry
Hydrogen sulfide volatilizes easily because the Henry’s Law Constant of H2S and
vapor pressure are relatively high; 550 atm at 25oC and 14,469 mmHg at 22oC,
respectively. Water solubility of H2S is also high; 7100 mg/L at 0oC and 4132 mg/L at
20oC. As a consequence, the leachate is an important reservoir for hydrogen sulfide. At
the same temperature, water solubility of methane is 40 and 20 mg/L, respectively
(Haarastad, 2003). Table 2 presents physical and chemical properties of hydrogen sulfide.
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Table 2 Hydrogen Sulfide Properties
Property

Information

Molecular Weight

34.08

Color

Colorless

Physical State

Gas

Odor Threshold

0.5 ppb

Characteristic Odor

Rotten egg

Solubility at 20oC

4132.23 mg/L

Vapor Pressure at 21.9 at oC

1929 kPa or 14,469 mmHg

Freezing Point

-85.49 oC

Boiling Point

-60.33 oC

Autoignition Temperature

500 oC

Flammability limits

Lower Limit, 4.35% by volume
Upper limit, 46% by volume

Henry’s law Constant at 20oC

468 atm/mole fraction

(Source: U.S. Department of Health and Human Services, 1999)

Leachate pH has a significant impact on the fate of hydrogen sulfide. H2S
primarily exists as sulfide (S2-) and bisulfide (HS-) at pH levels above 8. Townsend and
David (1998), Jang (2000), and Weber (1999) reported that at pH levels between 6 and 8,
hydrogen sulfide and bisulfide ion are the predominant species. Equal concentrations of
hydrogen sulfide and bisulfide ion are present at pH 7.1 and 25oC. The relative
abundance of H2S, HS-, and S-2 is as a function of solution pH and equilibrium reactions
are shown in Equations 2.1 and 2.2 The negative logarithms of acidity constants (pKa) for
the above two reactions are 6.99 and 12.92, respectively (Benjamin, 2002).
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H2S

HS- + H+

(2.1)

HS-

S-2 + H+

(2.2)

The residence time for H2S in the atmosphere has been generally reported in the
range of 18 hours to 3 days depending on atmospheric conditions (Bowyer, 2003). The
U.S. Department of Health and Human Services (1999) reported that hydrogen sulfide
stays in the atmosphere for an average of 18 hours. The maximum and minimum
residence times were reported as 42 days and 2 hours, respectively. The atmospheric
condition, however, was not normal such as high latitude, very cold weather, and polluted
areas (Bower, 2003). Hydrogen sulfide does not seem to react with sun light.
The fate of H2S in atmosphere is oxidized at a relatively slow rate, forming sulfur
dioxide or sulfate compounds (Hill 1973; NSF 1976). Those compounds are removed
eventually through absorption by soils and precipitation (Hill, 1973).
The concentration of hydrogen sulfide in ambient air is between 0.11 and 0.33
ppb in the U.S. The undeveloped areas have reported lower concentration, ranging
between 0.02 and 0.07. In groundwater and wastewater, hydrogen sulfide concentrations
are generally less than 1 ppm and 5 ppm, respectively (U.S. Department of Health and
Human Services, 1999).

2.3 H2S Production at Landfills
The production of hydrogen sulfide is one part of sulfur cycle shown in Figure 1.
Sulfur is transformed to sulfate and sulfide. Since most of sulfur in organism is in its
most reduced state of sulfide, sulfate has to be reduced to the level of sulfide.
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H2S

So

Sulfide oxidation

So

Sulfur oxidation

Phototrophic
oxidation

Sulfur respiration

Desulfuration

R-SH
Assimilatory
sulfate reduction
Phototrophic oxidation

SO4-2

Figure 1 Sulfur Cycle (Source: Atlas, 1997)
Hydrogen sulfide is produced from landfills by sulfate-reducing bacteria (SRB).
The SRB are associated with microorganisms that can help to create necessary physical
and nutrient conditions. The SRB are strict anaerobes which grow under anaerobic
conditions. They are inactive in most aqueous environments. However, when conditions
are favorable, they become active and produce H2S. When the SRB reduce sulfate to
sulfide, its ionic forms depend on pH, as described earlier (Edyvean, 1991).
Methane production is significantly reduced when sulfide is present in laboratory
landfill simulators (Fairweather and Barlaz, 1998). Under anaerobic conditions like
landfills, SRB and methane-producing bacteria are competitors for fermentation
intermediates such as hydrogen and acetate (Lovely and Philips, 1987, Fairweather and
Barlaz, 1998). The rate of hydrogen and acetate production and sulfate availability
control the results of competition (Lovely et al, 1982).
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2.4 Hydrogen Sulfide Control in Landfills
One of the most odorous compounds emitted from landfills is hydrogen sulfide.
The regulation for H2S in Southern California is that all gaseous fuels contain no more
than 40 ppm of total sulfur, measured as hydrogen sulfide. The term “fuels” includes
natural gas and landfill gases. Control technologies for hydrogen sulfide have been
developed for over 100 years, but commercial processes that can be applied to landfills
are limited. Hydrogen sulfide is controlled by absorption in a liquid stream or reaction to
a less harmful form of sulfur. Hydrogen sulfide control technologies can be divided into
four categories: disposable liquid, disposable solid, regenerable liquid, and chemical
oxidation processes. Liquid disposable technologies are Enviro-Scrub, sodium hydroxide
and sodium nitrite. Solid disposable technologies include Iron Sponge, Sulfate Treat and
impregnated activated carbon. Regenerable liquid technologies are based on reduction
and oxidation processes (Flynn, 1996; Francoeur, 1993). Chemical oxidation processes
are also used to treat hydrogen sulfide in leachate (Haarstad et al., 2003; Takesita et al.,
2003). The most appropriate technology for landfill gas application is Enviro-Scrub, even
though each process has its own advantages and disadvantages. Enviro-Scrub can be
operated and disposed of the spent materials in an easier manner than iron sponge. It is
also much cheaper to install than the liquid redox processes. Moreover, it is not a
hazardous material after the treatment (Francoeur, 1993).
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2.4.1 Disposable Liquid
Sodium nitrite, caustic, and Enviro-Scrub are disposable liquid processes that
have been applied to remove hydrogen sulfide for many years. Caustic and sodium nitrite
have not been used for landfill applications.
The caustic process involves reaction between alkaline materials, such as sodium
or potassium hydroxide, and hydrogen sulfide gas. The caustic technology, however, also
results in an undesired reaction with CO2 to produce sodium carbonate and water.
Desired and undesired reactions are shown in the following equations:
Desired reaction: NaOH + H2S

NaSH + H2O
Na2CO3 + H2O

Undesired reaction: 2NaOH + CO2

(2.3)
(2.4)

The undesired reaction makes the caustic process unsuitable for landfill gas
applications, because CO2 is more reactive than H2S, and CO2 concentrations in landfill
gas are about 1000 times those of hydrogen sulfide. Therefore, the caustic selectively
reacts with CO2. The undesired reaction proceeds more rapidly, consuming an excess
amount of caustic.
For the sodium nitrite technology, a batch solution of sodium nitrite is circulated
through a gas and liquid contactor. The batch charging continues until the solution is
largely spent and H2S breakthrough is detected (Francoeur, 1993). The sodium nitrite
reaction with H2S is shown in equation (2.5):
4H2S + NaNO2

3S + NaSH+NH3+2H2O

(2.5)

Likewise caustic, sodium nitrite also reacts with CO2 to form sodium bicarbonate and is
not recommended for landfill applications.

12

Enviro-Scrub, an aqueous product, has many advantages and can be applied to
landfill gas applications (Francoeur, 1993). Enviro-Scrub can selectively remove
hydrogen sulfide without reacting with CO2. The active ingredient in Enviro-Scrub is
called 1,3,5 – tri (2-hydroxyethyl) hexahydro-s-triazine (triazine) which reacts with H2S
to form 5,6-dihydro-5-(2-hydroxyethyl)-4H-1,3,5,-dithiazine (dithiazine). The overall
reaction of Enviro-Scrub and H2S is shown in equation (2.6).
OH

OH

OH
N

N

S
+

N
+ 2NH2(CH2)2OH (2.6)

2H2S

N

S

OH

Enviro-Scrub has a stable final product, low capital cost, and no side reactions.
There are three ways to introduce gas: direct injection into the pipe, sparge contactor, or
venturi contactor. The direct injection method is mainly applied to landfill gas because of
its simplicity. Sparge and venturi contactors are sometimes employed to achieve better
contact with the gas (Francoeur, 1993).

2.4.2 Disposable Solid - Iron Sponge
Although iron sponge technology has a long history of removing H2S, there are
many problems when applying this technology to landfill gas. The iron sponge contains
powdered iron oxide. After operation for several months, the spent iron sponge is very
hard to remove from the vessel.
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The iron sponge is a traditional way to remove hydrogen sulfide. It has several
disadvantages including that it is relatively expensive to install, produces materials
requiring disposal, and causes a high pressure drop. For these reasons, most iron sponges
have been replaced by the Enviro-Scrub technology.

2.4.3 Liquid Redox Processes
This process uses a regenerable catalyst solution which contains a metal, usually
iron, to oxidize S-2. The catalyst solution reacts with H2S when it has gone into solution
as HS- and S2-. An absorption column provides good contact between the gas and liquid.
As gas passes through the absorption column, elemental sulfur precipitates at the bottom
of the column and separates from the liquid. The reduced iron is regenerated by blowing
air through the column. The oxygen in the air resupplies the iron with electrons in the
redox reaction (Francoeur, 1993). To achieve a high efficiency, the pH should be
maintained between 7.8 and 8.0 to maximize solubility of H2S in the liquid solution. The
redox and overall reactions are shown in following equations:
Sulfur Precipitation: 2 Fe3+ + S2Oxidation:
Overall:

2 Fe2+ + S

2 Fe2+ + H2O + ½ O2
H2 S +

½ O2

2 Fe3+ +
H2O

+ S

(2.7)
2OH-

(2.8)
(2.9)

2.4.4 Chemical Oxidation Process
Chemical oxidation processes are used to treat H2S in leachate as well as in wastewater treatment. The commonly used oxidizing agents are hydrogen peroxide, potassium
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permanganate, and calcium hypochlorite. Sometimes sodium hydroxide is used where
H2S concentration in the gas phase is high (Mecalf and Eddy, 2003; Takesita et al., 2003).
2.4.4.1 Degradation of H2S by H2O2
H2S can be selectively oxidized with H2O2 to form elemental sulfur or sulfate
depending on the pH. To complete the oxidation of sulfide, pH should be maintained
above 7.5. The reaction is shown in equation (2.10):
H2S + H2O2

S + 2H2O

(2.10)

Generated sulfur is oxidized further by an excess amount of H2O2 to form sulfuric acid.
Also, self-decomposition of H2O2 takes place to form oxygen, as shown in equation
(2.11) and (2.12), respectively:
S + 3H2O2
2H2O2

H2SO4 + 2H2O

(2.11)

2H2O + O2

(2.12)

Highly reactive hydroxyl radicals can be produced when ferrous iron is added.
The addition of ferrous iron may promote H2S degradation via a catalytic effect (Takesita
et al., 2003). This reaction is based on the well known Harbor-Weiss/Fenton reaction
shown in equation (2.13):
H2O2 + Fe+2

OH. + OH- + Fe+3

(2.13)

2.4.4.2 Degradation of H2S by Potassium Permanganate
The reaction with potassium permanganate occurs in various combinations shown
in Equations (2.14) and (2.15). The reaction products are elemental sulfur, thionates,
dithionates, and manganese sulfide. Generally the amount of KMnO4 required in actual
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field applications is more than the amount required stoichiometrically (Metcalf and Eddy,
2003).
2KMnO4 + 3H2S

3S + 2KOH + 2MnO2 + 2H2O (acidic pH)

(2.14)

8KMnO4 + 3H2S

3K2SO4 + 2KOH + 8MnO2 + 2H2O (acidic pH)

(2.15)

2.4.4.3 Degradation of H2S by Bleaching Powder
Bleaching powder containing calcium hypochlorite, also known can be dissolved
in water producing a highly effective oxygen radical as shown in reactions (2.16) and
(2.17):
Ca(ClO)2
2ClO-1

Ca2+ +2ClO-

(2.16)

2Cl-1 + 2O.

(2.17)

The reaction between the generated oxygen radical and H2S produces sulfur or a further
oxidized sulfate, as shown in equations (2.18) and (2.19):
H2S + O.

H2O + S

(2.18)

4O. + S

SO42-

(2.19)

The overall reaction between calcium hypochlorite and H2S produces calcium sulfate,
and calcium chlorine hydrochloric acid, as shown in reaction (2.20):
2Ca(ClO)2 + H2S

CaCl2 + CaSO4 + 2HCl

(2.20)

2.5 Methods of Landfill Surface Emission Measurement
There are several flux measurement techniques for surface emissions. Four
methods are currently available to provide gas emission rates from landfills; tracer gas,
micrometeorological, subsurface gradient, and chamber methods. Although the chamber
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methods have been more widely used, other methods above mentioned have had limited
application.

2.5.1 Tracer Gas Method
A tracer gas is released from multiple points to simulate landfill gas emissions at
the emitting surface (Howard et al., 1996; Lamb et al., 1995). The number of points
depends on the area extents and geometry of the site. Sulfur hexafluoride (SF6) is used
often as a tracer gas because of its low concentration in the atmosphere, inert nature, and
ease of detection at low concentration. The gas emission rate can be calculated using
equation (2.21) when the tracer is released and well mixed in the source plume (Czepiel
et al., 2003):

Qm = Qt * (Cm/Ct)
Where
Qm
Qt
Cm
Ct

=
=
=
=

(2.21)

Gas emission rate (volume/time)
Tracer release rate (volume per time)
Concentration of the gas of interest
Concentration of tracer

The samples collected at ground level at several locations are analyzed for gas
being studied and the SF6 to supply the necessary ratio values (Bogner and Smith, 1996).
The tracer gas method can be applied in situations where there are a sufficient signal and
strong sources to be measured. Adequate mixing between a tracer and landfill gas
component is important since the emission from the landfill is heterogeneous (Czepiel,
2003). Although the tracer method is favored over whole landfill emissions estimate,
disadvantages such as the potential high cost and dependence on meteorological
conditions limit its applicability (Bogner and Smith, 1996)
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2.5.2 Micrometeorological Method
Wide areas with minimal disturbance to the underlying surface and rather flat
areas over a large distance where emissions occur in a homogeneous way are ideal
conditions for the micrometeorological method. This method utilizes measured or
calculated transfer coefficients above the soil/atmosphere interface. The eddy correlation
technique, a direct measurement of flux density determined from vertical wind velocity
and concentration fluctuations, has been applied to landfill application (Bogner and Smith,
1996).
The gas flux is assumed at a given height in the atmosphere’s surface layer to
represent the flux to or from the underlying surface. The concentration of the gas being
studied should be steady with time to be sure this assumption is valid. Also, the
underlying surface should be uniform and extend for an appreciable distance upwind
(generally 75 to 100 times the flux measurement height). This assumption limits
application to the landfill. There are other disadvantages when applying the
micrometeorological method, such as sophisticated math modeling and complex
calculations needed to estimate flux (Bogner and Scott, 1994).

2.5.3 Subsurface Gradients Technique
Subsurface gradients can be obtained from sampling clusters of gas probes
installed at various depths and used to directly calculate emissions assuming diffusive
transport only. Differential pressures in the shallow subsurface of a landfill can be driving
forces for emissions. Calculated fluxes in subsurface gradient technique are typically
higher values than those obtained using chamber techniques (Rolston, 1986). However,
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good agreement has been reported between subsurface gradient techniques and the static
chamber method for methane flux measurements (Bogner et al., 1998; Bogner et al.,
1993).

2.5.4 Static Flux Chamber Method
The static flux chamber method is a simple, portable and easy method to measure
flux from the landfill surface. The static flux chamber method does not involve air flow
into the chamber. In order to equalize pressure between the inside of the chamber with
atmospheric pressure, a small hole in the chamber prevents pressure build-up and avoids
bias during sampling. For the static chamber method, the accumulated concentration of a
given gas in the chamber gives flux estimates from each point. The flux can be calculated
using the following equation (Rolston, 1986):

F = V/A (dC/dt)

(2.22)

Where:
F
V
A
dC/dt

= flux of gas, ug/m2-hr
= chamber volume, m3
= area of soil surface enclosed by the chamber, m2
= time rate of change of gas concentration in the air
within the chamber, ug/m3-hr

The concentration gradient is obtained from the measurement of concentrations
inside the chamber at different time intervals. The term C is plotted against time. Linear
regression is used to determine the gradient. In general, good linear fits can be obtained
for methane concentration vs. time but it is difficult to get linear regressions for Non-
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Methane Organic Compounds (NMOCs) due to spatial variability, pressure gradients,
humidity, and temperature (Cardellini et al., 2003; Borjesson et al., 2000).
Bogner and Smith (1996) reported that in order to get good correlation among
sampling points, 100 measurements at a typical landfill are required. Therefore, the static
chamber method requires continuous attention and labor.

2.5.5 Dynamic Flux Chamber Method
The dynamic flux chamber method is very similar to the static chamber method
except in one respect. A continuous air flow is directed through the chamber, avoiding
the accumulation of gases. The most important thing in the dynamic flux chamber is that
the pressure in the chamber must be at comparable level to ambient pressure. Also, the
chamber edges should be sealed completely by bentonite slurry and should not disturb
soil too much. For optimum control of internal pressure, a fan can be introduced to
control air flow and mix air with gas being studied (Verschut et al., 1991).
The flow rate of sweep air introduced through the chamber is selected based on
volume of chamber. Once the flow rate of sweep air is selected, the concentration of the
species of interest is measured at the exit of the chamber after steady-state is reached. In
order to determine the landfill gas flux rate from the landfill surface, a mass balance
around the flux chamber should be developed. Figure 2 presents the flux chamber process
used to derive the mass balance equation (2.23), assuming that the flux chamber behaves
as a Continuous Stirred Tank Reactor (CSTR). The inlet concentration (Cs) is zero
because the sweep air contains only nitrogen and oxygen. The unsteady state solution for
equation (2.23) is solved for CE yielding equation (2.24).
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QLCL = (QL +QS)CE + V(dCE/dt)
CE = QLCL/QS + QL [1-exp(-t/τ)]

(2.23)
(2.24)

Where:
τ = V/ (QL +QS)

Figure 2 Flux Chamber Process (Rash, 1992)
Steady-state exit gas concentration (CE), the sweep air flow rate (QS), and the subsurface concentration (CL) are used to determine the gas emission rate. Since the
hydrogen sulfide gas emission rate (QL) is much smaller than the sweep air flow rate (QS),
hydrogen sulfide gas emission rate can be neglected. The steady-state in a CSTR is
achieved at four residence times, 4τ, and therefore the exponential term becomes zero.
Equation (2.23) is simplified to equation (2.26).
1- exp (-4τ/τ) = 0.982 ≅ 1.0
CE = CLQL/Qs
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(2.25)
(2.26)

Hydrogen sulfide flux rate can be obtained by dividing CEQS by the enclosed area by flux
chamber as shown in (2.27).
Flux = CEQS/A

(2.27)

All parameters in equation (2.27) can be measured in the field. Most external
environmental conditions like temperature, soil moisture, and wind speed are effectively
isolated, and the data measured on site are independent of the meteorological conditions
during flux measurements. Thus, measurement data can be used to compare data at
different dates and sites. Many researchers, however, have reported that the impacts of
external environmental conditions should be taken into account and careful approaches
are needed to minimize those impacts (Eklund, 1992; Walker, 1992; Seligman, 1993;
Paladugu, 1994; Pokryszka et al., 1995; Savanne et al., 1997; Park and Shin, 2000).
Pokryszka et al. (1995) and Savanne et al. (1997) suggested that flux measurement be
carried out at a wind speed lower than 10 miles/hr (4.4 m/s) to minimize the uncertainties
of data. A flux chamber with a small surface area is easier to carry, simpler to fabricate,
and quicker to measure the concentration of interest due to lower detention time and air
flow. The semi-spherical geometry, which has no corners and minimal dead spaces,
promotes complete mixing of the chamber in a short period (Eklund, 1992). Walker
(1991) and Rash (1992) have reported optimization of the flux chamber design and their
work can be referenced for further information.

2.6 Selection of Method
Landfill odors can adversely impact areas surrounding the landfills. Due to
increasing concern over hydrogen sulfide gas emission, more accurate method of landfill
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gas emission measurement is required. A comparison of advantages and disadvantages of
each emission rate measurement methods is presented in Table 3. The flux chamber
method is more accurate, simple, and flexible than other measurement methods
reviewed. Although the flux chamber methods tend to underestimate emission rates, the
optimization of operational parameters and flux chamber design would minimize this
disadvantage. Therefore, the flux chamber method was used to estimate the flux rate of
hydrogen sulfide from selected C&D landfills in FL.
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Table 3 Comparison of Emission Rate Measurement Techniques
Method
Tracer
Gas
Method

Description
Release SF6 or N2O at known
rate (Qt).
Measure concentrations of SF6
(Ct) and a LFG (C).
Qc = Qt * (C/Ct)

Advantage
Could avoid spatial
variations thus measuring
whole emission from
landfill.
Minimal disturbance to
underground surface.

Micrometeorological
Method

Need to measure vertical wind
velocity and fast measurement
of a LFG component
concentration.
Need to measure soil gas at
various depths (dc/dx).
Use Fick’s law to calculate
flux.
Need to assure leak-free setup.
Monitor dc/dt.
No air flow into the chamber.

Measure flux across large
surface area.
Minimal disturbance to
underlying surface.
Useful for understanding the
LFG by the cap soil sorption
and biological oxidation
activities.
Simple, portable.
More representative of
surface emission.

Direct emission rate
measurements made from
surfaces using a chamber to
which pure sweep air is
introduced. Emission rates
determined from chamber
outlet gas concentration.

Emission rates directly
measured.
Low cost equipment and
simplicity.
Most accurate method for
determining emission rates.

Subsurface
Gradient
Technique
Static
Chamber
Method
Dynamic
Chamber
Method

Disadvantage
Wrong result due to interfering sources such as a
release from a neighboring plant, wastewater
plant, sewer vent, animal feedlots, gas leaking.
LFG component should have high concentration
to minimize error.
Need relatively flat topography.
Relatively high cost.
Expensive.
Sophisticated equipments and calculations.
Need to level terrain.
Wrong results due to interfering sources
Misleading flux and concentration results if cap
soil oxidizes and/or adsorbs the LFG
(consumption and transport)
Labor intensive, time consuming
Inside chamber is not subject to same
environment as landfill surface (wind, humidity,
temperature).
Emissions are diluted by sweep air.
Chamber may disturb emission rates.
Labor intensive.
Needed many support equipments such as flow
meter, air gas tank, and tubing etc.

Note: adapted from Cooper, et al., 1992; Lamb et al., 1995; Bogner, et al., 1997; Eklund et al. 1998; Mosher et al., 1999; and Hickman, 2000)
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CHAPTER 3
METHODS AND MATERIALS

This research is divided into two parts; H2S flux measurement and dispersion
modeling. The flux chamber method was used to estimate hydrogen sulfide gas emission
rates from five different landfills in Florida. The concentration of hydrogen sulfide in an
exit port of flux chamber was measured onsite using a Jerome meter. The atmospheric
dispersion modeling was performed to predict H2S concentrations in communities around
the landfills. The methodologies used in this research are discussed in the following
sections.

3.1 Instrumentation and Equipment
To obtain H2S emission rates from C&D landfills, a flux chamber, the Jerome
631-X for hydrogen sulfide, and other supporting equipment such as an air tank, a
pressure gauge, and a flow meter were used. The following sections provide more details
about the equipment used.

3.1.1 Flux Chamber
A schematic diagram of the flux chamber and support equipment is shown in
Figure 3 and the flux chamber dimension and construction materials are presented in
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Table 4 and Table 5, respectively. The flux chamber was purchased from ODOTECH Inc.
(Montreal, Quebec, Canada). The diameter of the chamber is 0.50 m and the overall
height is 0.41 m. The flux chamber is provided with 0.64-cm Swagelock connectors as
inlet and outlet gas ports. In addition to sampling ports, there are two 0.64-cm NPT
(Normal Pipe Thread) holes to permit monitoring of the pressure and temperature. If the
pressure gauge and thermometer are not used, a cap should be used to avoid leaking. The
sweep air is distributed to the flux chamber through a perforated plastic tube configured
as a loop along the interior circumference and the air and gas mixture is withdrawn at the
center of flux chamber. This configuration allows the flux chamber to be considered as a
CSTR.
Table 4 Flux Chamber Dimensions
Parameter

Flux Chamber Dimension

Geometry
Diameter
Height

Half-Dome and Skirt
0.50 m
0.41 m
(Skirt: 0. 24 m + half-dome: 0.17 m)
0.19 m2
64.5 L
5 ~ 10 L /min

Ground Surface Area
Volume
Sweep Air Flow Rate

Table 5 Construction Materials for Flux Chamber
Component

Materials

Flux chamber
Connectors
Tubing
Gasket

Acrylic Resin
SS316
Teflon
Polyethylene
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Sampling

Umbrella

Air in

Fan switch
Air tank

Circulation fan
Flow rate meter
Flux chamber

H2S

Figure 3 Flux Chamber with Support Equipment

3.1.2 Jerome 631-X Hydrogen Sulfide Meter
The Jerome 631-X meter (Arizona Instrument, Arizona) can be used only for gas
phase samples and has a hydrogen sulfide detection range from 0.003 ppm to 50 ppm.
The Jerome meter utilizes a gold film sensor. An internal pump pulls ambient air over the
gold film sensor. The electrical resistance in a thin gold film sensor is proportional to the
mass of hydrogen sulfide present. Regeneration should be conducted for gold film sensor
to burn off hydrogen sulfide collection on the surface. This process should be conducted
before and after sampling and when saturation occurs (User’s manual, 1997). After
regeneration, zero adjustment should be done using a trimmer tool.

3.1.3 Support Equipment
The support equipment used for the flux measurement includes a pressure gauge,
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an air tank, and a flow meter. A description of field support equipment is presented in
Table 6.

Table 6 Field Support Equipment Description
Component
Pressure Gauge
Air Tank
Flow Meter

Make

Description

Dwyer

-1.00 to +1.00 inch of water

(Spanish Fort, AL)

(Magneholic)

Airgas

Ultra Zero Grade Air

(Orlando, FL)

Cylinder (Size: 80 liters)

Cole Parmer

Max. Flow = 20 L/min

(Vernon hills, IL)

Accuracy = ±3 % full-scale

3.2 Field Experiment
3.2.1 Flux Chamber
The flux chamber consists of a cylindrical enclosure with a spherical top. A
controlled air flow is supplied to the flux chamber through a perforated plastic tube
configured as a loop along the interior circumference. The emitted hydrogen sulfide
mixes with the sweep air in the chamber and is measured by the Jerome meter. When the
flux chamber was operated in the dynamic mode, a sweep air flow rate was maintained at
6 L/min was applied, providing a retention time of 40 min. Normally, if the air flow rate
was over 6 L/min, it tended to dilute H2S too much and the resulting concentration was
below the detection limit of the Jerome meter. However, a flow rate of 10 L/min was
used when high ambient concentrations of H2S were found (i.e., > 1 ppm).
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The pressure gauge is provided to ensure that proper pressure inside the chamber
is maintained. A beach umbrella was used to protect the chamber from sunlight which
could cause a build-up of pressure, moisture condensation, and temperature fluctuation
within the chamber. Bentonite slurry was applied between the chamber and soil to
prevent leaks. The burial depth of skirt was approximately 60 mm as recommended by
Liao and Chow (1998) to provide acceptable air tightness.
The repeatability (precision) test for the flux chamber was performed three times
at the field. Table 7 presents the results of the repeatability test. The time between the
first and second measurements was approximately 24 hours. Verner (1990) defined the
repeatability as an indicator of mutual agreement among individual measurements, under
prescribed similar conditions. Since environment conditions such as temperature, wind
speed, pressure, and rainfall changed between two measurements, it is hard to expect the
same flux rates. Currently, there is not enough data to draw a conclusion.

Table 7 The Results of Repeatability Test for the Flux Chamber
First Measurement

Second Measurement

(ppb)

(ppb)

Site B

0.028

BDL

Site B

0.045

0.020

Site D

0.013

0.016

Site

3.2.2 Description of Landfills
The field experiments were undertaken at five landfills, three in Orange County
and two in Volusia County, FL.
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Site A is located in Orange County, Florida. The landfill began operations in
1991. The landfill site is 324,000 m2 and has a design capacity of 3,060,000 m3. About
240 to 250 trucks per day arrive at the landfill each week. The landfill receives 240,000
tons per year. Chakrabarti (2002) reported that drywall (gypsum) is, on average, 4 % of
the volume of waste at this site.
Site B is a Class III facility located in Orange County, Florida. The definition of
Class III waste found in Rule 62-701.200(14), Florida Administrative Code. Class III
waste includes "yard trash, construction and demolition debris, processed tires, asbestos,
carpet, cardboard, paper, glass, plastic, furniture other than appliances, or other materials
approved by the department that are not expected to produce leachate which poses a
threat to public health or the environment."
The landfill is 276,000 m2, with an active waste area of about 40500 m2. A
preliminary H2S monitoring was undertaken in 1995 in response to neighborhood
complaints concerning health and safety issues (Atwood and Tessitore, 1995). The
average ambient air H2S concentrations from three locations within the landfill site were
0.26 ppm, 0.25 ppm, and 0.48 ppm from August through September. The maximum 24hour average H2S concentrations were 0.58 ppm, 0.58 ppm, and 1.25 ppm.
Site C is in Orange County, Florida. The landfill is 35 m in depth with 0.6 m of
final cover. Cover soil (0.16 m) was applied weekly as an intermediate cover soil.
Site D is located in Deland, Florida. The landfill began operations in the early
1980s. The landfill site is 324,000 m2 with an active waste area of about 20200 m2.
Site E is a C&D facility in Volusia County, FL. The landfill processes materials
on-site, including wood and concrete. The recycled concrete is used as a road base, a
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drain field and concrete aggregate depending on particle size. Also the landfill recycles
the yard wastes as mulch. The landfill was a Class I landfill which closed in June of 1983.
It was then permitted to accept C&D waste. Odor complaints started in 1997. The landfill
is 19 m high, with a top area of approximately 24000 m2.

3.2.3 Landfill Test Area
Twenty measurements were taken at each site to examine spatial variation. The
locations of each measurement were chosen by a grid method. One of the most common
methods of selecting a random sample is to divide the area by an imaginary grid
(www.epa.gov, June 1, 2003). Assuming each grid subsection has equal dimension, point
source emission values can be converted to the mean area emission rates. Two ways were
used to average H2S emission rates in this study, arithmetic average and the Inverse
Distance Weighting (IDW) approach. The arithmetic average is a simple and easy way to
calculate the average flux rates, as shown in Equation (3.1).

FA =
Where:
FA
FS
n

1 n
∑ FS
n 1

(3.1)

= average H2S flux for the grid area, mg/m2-day
= H2S flux of individual subsection, mg/m2-day
= number of subsections in the grid

The IDW mean average value was calculated using geographical information
system software (ARCVIEW). The IDW is an interpolation technique based on values at
nearby locations weighted only by distance from the interpolation location (ESRI, 1999).
The landfill surface is divided into many small grid cells. Once the flux rates are assigned
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for each grid by IDW approach, the flux rates of every single grid are summed and
divided by the number of cells to yield a weighted mean flux rate. The IDW mean flux
rate is a better representation of the actual flux rate than the arithmetic mean flux rate
because it takes into account the distance among sampling points. The measurement
points were not perfectly spaced and some areas, for example the tipping face, could not
be accessed due to safety concerns.

3.2.4 Flux Chamber Field Operational Procedures

The emission rates were measured using the flux chamber method. Prior to field
testing, the flux chamber operational procedures used in the field were established. The
following operational procedures were developed from Walker (1991), Rash (1992), and
a manual for flux chamber designed by ODOTECH Inc.:

1. Place the flux chamber at the random place and zero the pressure gauge.
2. Choose a location with a rather smooth surface for laying out the flux chamber
and support equipment such as an air tank, and a flow meter (preferably without
objects such as large stones, pieces of waste or cracks).
3. In sunny weather, install an umbrella in order to avoid heating of the flux
chamber.
4. Insert the flux chamber without modifying excessively the superficial structure of
the ground and apply bentonite to the edge of the flux chamber in order to achieve
total sealing.
5. Connect tubing to the air supply and exit ports.
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6. Measure the temperature inside and outside the flux chamber in order to make
sure that the conditions are identical and stable.
7. Start air supply and monitor continuously the sweep air flow rate and chamber
pressure to insure they remain constant during emission rate measurement.
Note: chamber pressure variations up to 0.03 inches of water may be observed if
any wind is present. However, if chamber pressure varies by more than 0.03
inches of water, the test should be terminated and the causes of the increased
pressure should be evaluated and eliminated.
8. In order to reach steady-state conditions, consider a residence time of three times
the chamber volume at the operating flow rate before taking the sample.
9. Once the steady-state conditions are achieved, measure the outlet concentration
using the Jerome meter.

3.3 Dispersion Modeling

U.S. EPA has developed and updated dispersion models for two decades. The
source strength with real past meteorology is required to calculate representative ambient
concentration at designated receptors. To search highest H2S concentrations at given
receptors, worst case source emissions are used, which are then compared to regulations.
The dispersion modeling is often used to address public health concerns as well as to
determine permit compliance.
A few researchers have performed dispersion modeling for the landfill gas
emissions. Sarkar et al. (2003) performed odor modeling from MSW using Complex-I.
Complex-I is a screen model to evaluate the impact of sources in rural complex terrain
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such as valley and mountain areas (Thomas and Turner, 1980). Song (1991); Griffin and
Rutherford (1994); and Capenter and Bidwell (1996) performed dispersion modeling to
determine the ground level concentrations of VOCs and NMOC and hydrogen sulfide
from MSW using a EPA model, Industrial Source Complex Short Term (ISCST). The
ISCST model, approved by EPA, was chosen for this research because it has various
output options and is suitable for a flat and simple terrain like Florida.
ISCST3 is a refined Gaussian plume model used for regulatory purposes (US EPA,
1995). Dispersion is based on the classic Gaussian model with plume reflections at the
ground and at an elevated inversion layer (US EPA, 1995). ISCST3 can handle dozens of
point sources, hundreds of receptors, and tens of thousands of hours of meteorological
data as well as area and volume sources (Cooper, 2004). Based on the modeler’s input
data, ISCST3 calculates average concentration for every hour of every year at every
receptor. It then sorts out the results according to the user’s output options (Cooper,
2004).

3.3.1 Model Input Data

The modeler must provide the input data for basic elements. There are five
distinct but related options in ISCST3: model control, source data, receptor locations,
meteorological conditions, and model output options (US EPA, 1995).
Also, there are two basic kinds of input files in ISCST3, the runstream setup file
which contains source data, receptor network, and output options and the meteorological
data file (Cooper, 2004). One of the input files used for this study is provided in
Appendix A.
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3.3.2 Source Options

Source pathway inputs contain the keywords that define the source information
for a particular model run (US EPA, 1995). The ISCST3 accepts rectangular areas for
area sources. The irregularly shaped landfill sources can be modeled as multiple
rectangular areas. The input parameters are an area emission rate, release height above
ground, length and width of the area, orientation angle for the rectangular area in degrees
from North, and initial vertical dimension of the area source plume (Cooper, 2004).
The emission rate for the area source is an emission rate per unit area (g/s-m2).
The landfill area is divided into several subareas to account for the spatial variations for
the H2S emissions. Therefore, four to five separate area source emissions were used for
each landfill. This approach gives more accurate ground level concentrations and
frequency than the mean emission approach for the whole landfill. The H2S release height
for this research was assumed at the ground level if the average height of each landfill top
surface was less than 10 m. This assumption is that H2S plume emitted from the landfill
surface reaches to the ground level along the landfill slopes. However, for the high
landfill physical height and steep slope, the H2S release height was taken at the 50 % of
the average height of the landfill top surface.

3.3.2.1 Receptor Options
Cartesian grid receptor network was used for this research. The receptors were
located a 150 m uniform spacing for on-site, and 100, 200, 300, 500, 1000, 2000 m
spacing from the landfill property boundary line for off-site.

35

3.3.2.2 Meteorological Options
ISCST3 uses actual historical hourly meteorological data for one to five years
from a weather station close to the proposed site. Meteorological data must have been
preprocessed using RAMMET. The RAMMET preprocessor generates files of
meteorological data suitable for ISCST (US EPA, 1995). The required inputs for hourly
surface weather data are wind speed, direction, ambient temperature, stability class, and
height of the mixed layer. For this research, four years’ of Orlando meteorological data
were used from 1988 to 1991. Table 8 provides a part of the preprocessed meteorological
data used for this study. The wind vector, temperature, stability class, and the mixing
heights for both rural and urban terrain types are listed for each year, month, and hour.
The wind vector is the direction toward which wind is blowing. The stability classes 1 to
7 denote A to F, respectively (with 6 and 7 being equivalent to F).

Table 8 The First 12 Hours of Meteorological Data in 1991

Year

Month

Day

Hour

Flow
Vector

91
91
91
91
91
91
91
91
91
91
91
91

1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1

1
2
3
4
5
6
7
8
9
10
11
12

1
328
74
343
123
302
195
273
267
301
314
316

Speed
(m/s)

Temp
(K)

Stability
Class

4.12
2.06
1.54
1.54
1.54
2.06
2.06
2.06
0.00
2.06
4.63
4.12

294
294
293
292
291
291
290
291
295
297
299
300

4
5
6
7
7
6
6
5
4
3
3
3
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Mixing
Height Rural
(m)
1599
1614
1628
1643
1658
1673
1687
171
441
711
981
1251

Mixing
Height Urban
(m)
1599
383
383
383
383
383
383
517
730
942
1154
1366

CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter provides the results of H2S emission measurements and the
atmospheric dispersion modeling from five different C&D landfills. Twenty flux
measurements were conducted for each landfill and the flux rates were averaged. In
addition to the H2S flux measurements, dispersion modeling was performed using the US
EPA dispersion model, Industrial Source Complex Short Term (ISCST3), in order to
predict H2S concentrations in the ambient air in and around the landfills. The maximum
downwind ground-level concentrations, ratio of the maximum concentration to the H2S
detection threshold, and the frequency (occurrences per year) are presented.

4.2 Results of H2S Flux Measurements
4.2.1 Landfill Visits

Field trips were made 22 times from May to August 2003. Frequently, adverse
weather conditions were encountered during the measurements such as rain and wind.
Most flux measurements were conducted between 9 am and 4 pm. The site weather
conditions and landfill visit dates are recorded in Table 9.
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Table 9 Landfill Visit Dates and Weather Conditions
Landfill Visited

Site A

Site B

Site C

Site D

Site E

Visit Date
1-April-03
10-April-03
17-April-03
25-April-03
9-June-03
29-May-03
10-June-03
13-June-13
12-Aug-12
13-Aug-13
24-Jun-03
25-Jun-03
20-Aug-03
21-Aug-03
11-Jul- 03
28-Jul-03
29-Jul-03
4-Aug-03
5-Aug-03
6-Aug-03
7-Aug-03
8-Aug-03

Weather
84 F, windy
82 F, Windy
87 F, windy
87 F, windy
85 F, scattered showers
90 F, windy
92 F, no wind
93 F, windy
110 F, no wind
118 F, no wind
98 F, no wind
100 F, no wind
105 F, scattered showers
93 F, scattered showers
98 F, no wind
100 F, scattered showers
100 F, no wind
100 F, no wind
105 F, scattered showers
110 F, scattered showers
110 F, scattered showers
115 F, scattered showers

4.2.2 Survey of Ambient H2S

An ambient air H2S survey was conducted during every visit prior to making the
flux measurements. The survey area was limited to inactive areas due to safety concerns
except for the Site A. The ambient concentrations were spatially and temporally variable.
All five C&D Landfill sites had ambient H2S concentrations ranging from below
detection limit (3 ppb) to 50 ppm. Some areas of the landfill were potentially harmful to
landfill. The National Institute for Occupational Safety and Health (NIOSH) recommends
a limit of 10 ppm H2S concentration over a ten-minute period (Yang, 1992). Most
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ambient concentrations, however, ranged from detection limit to 200 ppb. Table 10
presents the ambient H2S concentration range at the five C&D Landfills.

Table 10 Ambient H2S Concentration Range (ppb)
Visit Date
April 1
April 10
April 17
April 25
June 9

Site A
Covered Face
4-5
BDLa
BDL
BDL - 4
BDL
Site B

Visit Date
May 29
June 10
June 13
August 12
August 13

Working Face
8 - 13
5 - 13
5-9
5-9
5 - 15
Cell 1 (ppb)
4–5
BDL – 1500
BDL – 140
4 – 74
BDL – 1400

Site C

Visit Date
June 24
June 25
August 20
August 21

Cell 2 (ppb)
5 - 28
5 - 350
BDL - 110
BDL - 16
Site D

Visit Date
July 11
July 28
July 29
August 4

a

Visit Date
August 5
August 6
August 7
August 8

Cell 1 (ppb)
BDL - 15
7 - 220
BDL – 4,000
4 - 52
Site E
Top Area (ppb)
BDL – 8
BDL – 10
BDL – 10
BDL – 8

BDL = Below Detection Limit of 3ppb
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Slope Area (ppb)
6 – 1,400
50 - 50,000
50 - 37,000
9 – 32000

4.2.3 Results of H2S Flux Measurement

At the beginning of this research, both static and dynamic flux chamber modes
were tested at Sites A and B. The dynamic flux method was determined to be a better
application for hydrogen sulfide emissions, since the static mode concentrations were
non-linear over time. The reasons for non-linear response could be the increased pressure
inside the chamber, which caused negative biasing; moisture condensation; and windy
weather conditions. Therefore, the dynamic mode was chosen to measure the H2S
emission rates.
The dynamic mode, however, is more complicated and therefore more
inconvenient than the static mode. The dynamic mode requires peripheral equipment
including an air cylinder, a flow meter and a regulator. A sweep air flow rate of 6 L/min
and detention time of 40 min were applied for the dynamic mode. If the air flow rate was
over 6 L/min, it tends to dilute H2S too much, and the resulting concentration inside the
chamber was below the detection limit. However, a flow rate of 10 L/min could be used
when high ambient concentrations of H2S were found (i.e., > 1 ppm). The flux results of
each landfill are presented in the following section.

4.2.3.1 Site A
The spatial distribution of H2S emissions and the locations of the flux
measurement for Site A are depicted in Figure 4.1. Data were collected at the Site A from
April to June 2003. During the first and second landfill trip to Site A, a dynamic flux
chamber method was used with air flow introduced to the chamber. The results, however,
were all below the detection limit of the Jerome meter, even though reduced air flow rates
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and longer detention times were used. Measurements recorded as Below Detection Limit
(BDL) were treated as one-half the detection limit of the flux chamber when averaging
data. The one-half the detection limit is estimated to be 0.079 mg/m2/day. Using the
detection limit for non-detects would be too conservative an approach, while considering
it zero might underestimate fluxes if there is a reason to believe that the compound being
studied might be present (US EPA, 1991; Carpenter and Bidwell, 1996). Hydrogen
sulfide smell was sometimes detected during the flux measurements even though the
Jerome meter indicated below the detection limit. Therefore, the one-half the detection
limit for non-detect would be reasonable assumption.
For the rest of the sampling events, the static flux chamber method was used with
no air flow while measuring the increase in concentration as a function of time. However,
most results showed non-linear response data. For this study if the R2 is less than 0.7 for
dC/dt, the measurements were regarded as non-linear response and treated the same as
the non-detects. Figures 37 and 38 in Appendix B provide the flux studies for locations 1
and 4 where responsive static flux tests were made. Figure 4 depicts the spatial
distribution of the H2S emissions and the locations of the flux measurement. Table 11
presents the results of flux measurements for Site A.
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Note: Numbers 1 - 20 = Locations of Flux Measurements

Figure 4 Spatial Distribution of H2S Emissions and Locations of Flux Measurement
for Site A
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Table 11 Results of Flux Measurements for Site A
Location
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

a and c

Date
17-April-03
17-April-03
1-April-03
25-April-03
1-April-03
1-April-03
17-April-03
17-April-03
1-April-03
1-April-03
1-April-03
25-April-03
25-April-03
25-April-03
9-June-03
9-June-03
9-June-03
9-June-03
9-June-03
9-June-03

H2S Conc.
(ppm)
-a
BDLb
BDL
-c
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

H2S Flux
(mg/m2-day)
1.54
BDLd
BDL
0.617
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

Used static mode: see figures 37 and 38 in Appendix B, respectively.
BDL: Below Detection Limit of 3 ppb
d
BDL: Below Detection Limit of 0.158 mg/m2-day
b

4.2.3.2 Site B
The spatial distribution of H2S emissions and the locations of the flux
measurement are depicted in Figure 5. Data were collected at Site B in May, June, and
August, 2003. Locations 1 through 8 shown in Figure 5 were measured using the static
mode where no sweep air was applied while measuring the accumulated H2S as a
function of time. Most results of static mode were either below the detection limit or nonlinear. Figures 39 to 42 in Appendix B provide graphs for the static mode test. The
remaining data points were collected using the dynamic mode which applies sweep air to
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the chamber. Table 12 presents results of flux measurement for Site B. The range of total
flux calculated for all locations is 0.158 to 2.68 mg/m2-day.

Note: Numbers (1-20) = Locations of Flux Measurements

Figure 5 Spatial Distribution of H2S Emissions and Locations of Flux Measurement
for Site B
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Table 12 Results of Flux Measurements for Site B
Location

Date

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

10-Jun-03
10-Jun-03
29-May-03
29-May-03
29-May-03
10-Jun-03
29-May-03
29-May-03
13-Jun-03
13-Jun-03
13-Jun-03
13-Jun-03
12-Aug-03
12-Aug-03
12-Aug-03
12-Aug-03
13-Aug-03
13-Aug-03
13-Aug-03
13-Aug-03

a, b, d, and e

H2S Conc.
(ppm)
-a
-b
BDLc
BDL
-d
-e
BDL
BDL
0.006
0.110
0.006
0.170
BDL
BDL
0.028
0.045
BDL
BDL
BDL
BDL

H2S Flux
(mg/m2-day)
BDLf
BDL
BDL
BDL
15.4
BDL
BDL
BDL
0.368
6.75
0.368
10.4
BDL
BDL
1.66
2.68
BDL
BDL
BDL
BDL

Used static mode: see figures from 39 to 42 in Appendix B
BDL: Below Detection Limit of 3 ppb
f
BDL: Below Detection Limit of 0.158 mg/m2-day
c

4.2.3.3 Site C
The spatial distribution of H2S emissions and the locations of the flux
measurement for Sites C are depicted in Figure 6. Data were collected at Site C in June
and August 2003. Considerably more rain occurred in August as compared to June. The
landfill surface was muddy and ponding was common which may have retarded H2S
emission. Table 13 presents results of flux measurements for Site C. The range of total
flux rates calculated for all locations was between 0.368 and 15.2 mg/m2-day.
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Note: Numbers (1-20) = Locations of Flux Measurements

Figure 6 Spatial Distribution of H2S Emissions and Locations of Flux Measurement
for Site C
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Table 13 Results of Flux Measurements for Site C

a
b

Location
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date
24-June-03
24-June-03
24-June-03
25-June-03
25-June-03
25-June-03
25-June-03
25-June-03
20-Aug-03
20-Aug-03
20-Aug-03
20-Aug-03
21-Aug-03
21-Aug-03
21-Aug-03
21-Aug-03
5-Sep-03
5-Sep-03
5-Sep-03
5-Sep-03

H2S Conc.
(ppm)
BDLa
BDL
BDL
0.004
0.014
0.006
0.016
0.003
0.251
BDL
0.185
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.005
0.009

H2S Flux Rate
(mg/m2-day)
BDLb
BDL
BDL
0.243
0.849
0.364
0.970
0.182
15.2
BDL
11.4
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.254
0.456

BDL: Below Detection Limit of 3 ppb
BDL: Below Detection Limit of 0.158 mg/m2-day

4.2.3.4 Site D
The spatial distribution of H2S emissions and the locations of the flux
measurement are depicted in Figure 7. Data were collected at Site D in July and August,
2003 as seen Table 14. Overall flux rates were relatively low except for location 6 where
a relatively high flux rate was observed, perhaps due to a crack on the landfill surface.
The range of total flux calculated for all locations was between 0.368 and 21.8 mg/m2day.
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Note: Numbers (1-20) = Locations of Flux Measurements

Figure 7 Spatial Distribution of H2S Emissions and Locations of Flux Measurement
for Site D
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Table 14 Results of Flux Measurements for Site D

a
b

Location
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date
11-Jul-03
11-Jul-03
11-Jul-03
11-Jul-03
11-Jul-03
28-Jul-03
28-Jul-03
28-Jul-03
28-Jul-03
28-Jul-03
29-Jul-03
29-Jul-03
29-Jul-03
29-Jul-03
29-Jul-03
4-Aug-03
4-Aug-03
4-Aug-03
4-Aug-03
4-Aug-03

H2S Conc.
(ppm)
BDLa
BDL
BDL
0.004
0.032
0.210
BDL
0.013
0.013
0.004
BDL
BDL
BDL
BDL
BDL
BDL
0.004
BDL
BDL
0.037

H2S Flux Rate
(mg/m2-day)
BDLb
BDL
BDL
0.248
1.99
21.8
BDL
0.809
0.809
0.248
BDL
BDL
BDL
BDL
BDL
BDL
0.248
BDL
BDL
2.30

BDL: Below Detection Limit of 3 ppb
BDL: Below Detection Limit of 0.158 mg/m2-day

4.2.3.5 Site E
The spatial distribution of H2S emissions and the locations of the flux
measurement are depicted in Figure 8. Data were collected at Site E in August and
September 2003. The flux rates on the top of the cell were all below the detection limits.
However, flux rates around the slope area (locations 17 to 20 in Figure 8) were
significantly higher, no doubt attributable to the 0.6 m soil cover layer at the top. Every
morning fumes were observed on the slope of the landfill. These emissions were
sometimes associated with high ambient H2S concentrations reaching 50 ppm. Concrete
or wood pieces were observed in those spots of the landfill, which may allow a greater
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gas emission than elsewhere in the landfill. Data from monitoring of the site E are
presented in Table 15. The range of total flux calculated for all locations was 0.158 to
10.1 mg/m2-day. Location 18 in Figure 8 produced an extremely high flux rate (2800
mg/m2-day) which was excluded in calculating an average flux rate of Site E.
Table 15 Results of Flux Measurements for Site E

a
b

Location
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date
5-Aug-03
5-Aug-03
5-Aug-03
5-Aug-03
6-Aug-03
6-Aug-03
6-Aug-03
6-Aug-03
7-Aug-03
7-Aug-03
7-Aug-03
7-Aug-03
7-Aug-03
7-Aug-03
8-Aug-03
8-Aug-03
8-Aug-03
6-Aug-03
8-Aug-03
5-Sep-03

H2S Con.
(ppb)
BDLa
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
3
BDL
BDL
BDL
3
47000
170
0.051

BDL: Below Detection Limit of 3 ppb
BDL: Below Detection Limit of 0.158 mg/m2-day
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H2S Flux Rate
(mg/m2-day)
BDLb
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.179
BDL
BDL
BDL
0.179
2800
10.1
2.58

Note: Numbers (1-20) = Locations of Flux Measurements

Figure 8 Spatial Distribution of H2S Emissions and Locations of Flux Measurement
for Site E
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4.2.4 Summary and Discussion of the Emission Rate Results

Table 16 presents the summary of flux measurements at five C&D Landfills.
There are a number of non-detectable data at each landfill. As mentioned earlier, the flux
rates for the below the detection limit data were considered to be one-half the detection
limit (one-half of 0.158 mg/m2-day). The mean emission rates were calculated over the
surface area of each landfill in two ways: the arithmetic mean calculation and inverse
distance weighting approach. The mean emission rates calculated for each landfill ranged
from 0.192 to 1.76 mg/m2-day. A number of researchers, Barry (2003); Borjesson et al.
(2000); Cardellini (2003); Paladugu (1994); Rash (1992); and Walker (1991) have
reported methane flux rates which ranged from 0.365 to 6144 g/m2-day. The range of H2S
emission rates measured in this research was three to six orders of magnitude lower than
methane emission rates reported in the literature.
It should be noted that these flux rates are assumed to be constant over time.
However, it is not true. Temporal variations between day and night could be significant
due to the change of the environmental conditions.
Chakrabarti (2002) studied the composition of C&D waste in seven landfills in
Florida, using a visual characterization technique, a process of estimating percent volume
distribution by visual observation. His study includes two landfills observed in this study,
Sites A and B, which have the gypsum drywall distribution of 4 and 10 percent by
volume, respectively. The flux rates in Sites A and B are proportional to the gypsum
drywall composition: the smaller the drywall composition, the lower the flux rate.
However, there are too few data points to draw a conclusion as to the relationship.

52

The emission data showed high spatial variability among measured locations. The
lack of central tendency over all sites supports the observation of spatial variation. More
than half of the flux measurements were near or below the detection limit, while only a
few locations were responsible for a majority of the emissions. A number of point flux
measurements are required to estimate accurate total and mean emission rates and to
account for the spatial variations over the entire landfill surface. Twenty measurements
for each landfill might not be enough to account for the spatial variation. The arithmetic
mean provides unbiased results if the number of flux measurement is in excess of 100
measurements (Bogner and Smith, 1996). However, undertaking these measurements
would be labor-intensive and time-consuming work.

Table 16 Summary of Flux Measurements at Five Landfills
Site
# of Flux
Measurements
# of Below Detection
Limit
Arithmetic Mean
(mg/m2-day)
IDW Mean
(mg/m2-day)
Standard Deviation
of H2S Flux
(mg/m2-day)
Gypsum Drywall
Composition
(Vol %)

Site A

Site B

Site C

Site D

Site E

20

20

20

20

19

18

9

9

12

16

0.179

1.94

1.54

1.47

0.716

0.192

1.76

1.53

1.47

0.543

0.342

4.15

4.08

4.83

2.35

4%

10%

N/A

N/A

N/A
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4.3 Results of H2S Dispersion Modeling

Modeling results can be analyzed on two levels, health and odor impacts. For
health and safety level analysis, Table 17 presents H2S exposure guidelines and
regulations. The lowest concentration from guidelines to affect human’s health is 0.33
ppm as seen in Table 17. Ambient air standard was established for public’s health and
aesthetic reasons.

Table 17 H2S Exposure Guidelines and Regulationsa
Agencyc or State

Exposure Value

NIOSH

10 ppm

Worker exposure – 10 min ceiling limit

OSHA

20 ppm

Worker exposure – 15 min ceiling limit

Exposure Period / Intent

0.51 ppm

1 hour (Interim AEGL-1)b

0.36 ppm

4 hours (Interim AEGL-1)

0.33 ppm

8 hours (Interim AEGL-1)

California State

0.03 ppm

Ambient air standard

Wisconsin State

0. 24 ppm

Ambient air standard

NAC

a

Adapted from ATSDR (2004).
Interim Acute Exposure Guideline Level (AGEL)-1 could experience notable discomfort, irritation, or
certain asymptomatic nonsensory effects. However, the effects are not disabling and are transient and
reversible upon cessation of exposure.
c
NIOSH is the National Institute of Safety and Health; OSHA is the Occupational Safety and Health
Association; NAC is National Advisory Committee.
b

For odor impact analysis, the odor detection threshold of H2S was used to identify
an odor nuisance. The odor detection threshold is the concentration at which an odor is
first detected. The ability to detect odorous chemical compounds is variable. Amoore
(1985) reviewed twenty-six publications and found the geometric mean of H2S odor
detection threshold to be 8 ppb. Since then, a few researchers have reported 0.5 ppb as
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the odor detection threshold for H2S (US EPA, 1985; Bidwell and Carpenter, 1996;
Prokop, 1992; Metcalf and Eddy, 2003).
The results from each landfill modeling were compared with both an 8 and 0.5ppb H2S odor detection threshold. Also, the frequency at which a concentration above the
odor detection threshold occurs each year is presented for each landfill.
The maximum predicted ground level concentration for each landfill was
determined for 1-hr and 3-min periods. As a source emission continues, the plume will
spread to either side of the average wind direction (Williamson, 1973). In the long term,
the plume concentration along the y-axis will have wider spatial variations and lower
maximum concentration than in the short term (Williamson, 1973). The shortest period
that ISCST3 can specify is 1-hr concentration. People can detect odors and respond to
them in very short time periods. Therefore, odor modeling results for the highest 1-hr
concentration were converted to a short-term period using a multiplicative peaking factor.
The peaking factor can be derived from the Power Law, shown in Equation 4.1, based on
the downwind 1-hr concentration (Cooper and Alley, 2002).

Ct = C60 (60/t)p

(4.1)

Where:
t = averaging time, min
Ct = concentration for averaging time t
p = the Power Law exponent
The value of the Power Law exponent depends on atmospheric stability and local
terrain (Singer, 1961; Singer et al., 1963). Hino (1968) and Williamson (1973) suggested
that for averaging times between 10 minutes and 5 hours the exponent value is close to
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0.5. For less than 10-minute averaging time, however, the exponent is more likely on the
order of 0.2 rather than 0.5 (Cooper and Alley, 2002). For an exponent of 0.2, 1-hr
modeling data would be converted to a 3-min basis by multiplying the 1-hr results by
1.82.
Wang and Skipka (1993) estimated the exponent for a stack emission to be
between 0.167 and 0.5, depending on atmospheric stability classes. Table 18 presents the
relationship between 1-hr and 3-min concentrations for various stability classes. The
atmospheric stability classes are broken into 6 categories, from A to F, and are based on
the angle of the sun, the extent of cloud cover, and the surface wind speed (Turner, 1970).

Table 18 Relationship Between 1-hr and 3-min Concentration for Stability Classes
Stability Class
A, B
C
D
E,F

Power Law Exponent
0.5
0.333
0.2
0.167

Peaking Factor
4.47
2.71
1.82
1.65

Adapted from Wang and Skipka (1993)

As seen in Table 18, the peaking factors range from 1.65 to 4.47 to convert from a
1-hr concentration to a 3-min concentration. However, these Power Law exponents and
peaking factors discussed here are for point source emissions, not for area source
emissions. The peaking factors for area source emissions are not available and are
unknown (Wang and Skipka, 1993; Cooper et al., 2001). For this study, the 3-min
concentration was reported as a range of values using peaking factors from 1.65 to 4.47.
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4.3.1 Site A

The Site A layout is presented in Figure 9. The shape of the landfill was
simplified to a rectangular area. Table 19 presents area sources of the Site B H2S
emissions. The landfill area was divided into four area source emissions to account for
the spatial distribution of H2S emissions. The release height was assumed to be ground
level.

Table 19 Area Source of the Site A H2S Emissions
Area Source
#

Emission
Rate (g/s-m2)

Release
Height (m)

Length of X
side (m)

Length of Y
side (m)

1
2

3.70*10-9
1.27*10-9

0
0

126
126

153
137

3
4

1.50*10-9
1.27*10-9

0
0

290
305

170
167
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N

365 m Property Boundary

Area 2
Area 3

792 m Property Boundary Line

Area 4

457 m

792 m Property Boundary Line

305 m

Area 1

365 m Property Boundary Line

Figure 9 Site A Layout
4.3.1.1 Maximum Ground Level Concentration
The maximum expected ground level concentrations from the source for 1-hr and
3-min periods were 0.37 ppb and 0.61 to 1.7 ppb, respectively. The location of the
maximum ground level concentration was a corner of the southwest of the landfill cell
limit close to the high H2S emission area.
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4.3.1.2 Estimation of Odor Concentrations
The ratios of the potential maximum concentration within the property boundary
line (on-site) and off-site to the odor detection threshold (ODT) of H2S for 1-hr and 3min periods are given in Tables 20 and 21, respectively. As mentioned earlier, both 0.5
and 8-ppb odor detection threshold values were used to estimate the odor impacts.
The potential maximum on-site concentrations, located to a corner of the
southwest of the cell limit, for 1-hr and 3-min periods were 0.74 and 1.2 to 3.3 times the
0.5-ppb ODT, respectively. All on-site receptor locations were below the 0.5-ppb ODT
for a 1-hr period while most on-site receptor locations were above the 0.5-ppb ODT for a
3-min period. However, the potential maximum odor on-site concentrations were below
the 8-ppb ODT for 1-hr and 3-min periods.
The potential maximum off-site concentrations for 1-hr and 3-min, located 100 m
the southwest of the landfill property boundary line, were 0.70 and 1.2 to 3.2 times the
0.5-ppb ODT, respectively. The potential off-site odor concentrations were below the 8ppb odor detection threshold for 1-hr and 3-min concentrations.
Table 20 Ratio of the Maximum 1-hr Con. to Odor Detection Threshold - Site A

a

0.37

Ratio of max.
conc. to ODTa
(0.5 ppb)
0.74

Ratio of max.
conc. to ODT
(8 ppb)
0.05

0.35

0.70

0.04

Location

Max.1-hr conc.
(ppb)

On-site
Off-site

ODT = Odor Detection Threshold
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Table 21 Ratio of the Maximum 3-min Con. to Odor Detection Thresholda - Site A

a
b

Location

Max. 3-min
conc. (ppb)

On-site
Off-site

0.61 to 1.7
0.58 to 1.6

Ratio of max.
conc. to ODTb
(0.5 ppb)
1.2 to 3.3
1.2 to 3.2

Ratio of max.
conc. to ODT
(8 ppb)
0.08 to 0.21
0.07 to 0.20

Using a peaking factor of 1.65 to 4.47
ODT = Odor Detection Threshold

Figures 10 and 11 provide the highest 1-hr and 3-min concentration contour maps,
respectively. All receptor locations were below the 0.5-ppb ODT for 1-hr concentrations.
The 3-min concentration contour map was created using a peaking factor of 4.47 as the
worst case scenario. Many downwind off-site receptor locations, even as much as 1000 m
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Figure 10 Contour Map of Maximum 1-Hr Conc. (ppb) for Site A
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the north and west from the landfill property boundary line, were above the 0.5
ppb ODT. It should be noted that these are the maximum concentrations from limited
measurements, based on four years of Orlando meteorological data from 1988 to 1991.
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Figure 11 Contour Map of Maximum 3-Min Conc. (ppb) for Site A
The frequency plots which provide ODT exceedance occurrences per year may be
useful to predict future odor complaints. ISTST3 has no output options to create the
frequency plot, however, the MAXIFILE options can provide a threshold file which
contains a list of occurrences exceeding certain threshold concentration for all receptors.
Cooper et al. (2001) used an automated approach to analyze this large data file. First, the
input file is created without receptor information, then each receptor is added using a
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discrete Cartesian network system and saved as a separate name. The threshold files
created for each receptor are the same as the number of receptors. Second, after finishing
all modeling runs, the threshold files for each receptor are in the same directories as the
input files. Using a DOS command “dir>(filename),” the file which provides the sizes of
each threshold file is created. Third, the number of occurrences (Nv) above the odor
detection threshold is calculated with the size of each threshold file as shown in Equation
(4.2) (Cooper et al., 2001).

Nv = (Fs-588) / 82

(4.2)

Where:
Fs = the size of the file in bites
588 = the size of the heading
82 = the size of the each occurrence predicted above threshold
Figure 12 shows a contour map of the frequency for 3-min occurrences above the
odor detection threshold of 0.5-ppb for Site A. For the most conservative frequency
results, 1989 year of meteorology was chosen to create a plot. The highest concentration
for a 1-hr period, as mentioned earlier, was 0.4 ppb. Therefore, the predicted 1-hr
concentration of 0.5 ppb and above would not occur. The frequency for a 3-min period
0.5-ppb ODT exceedances would be 20 to as much as 100 times per year for receptors
located within and around the landfill property boundary line.
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Figure 12 Contour Map of Frequency (Occurrences per Year) for 3-min H2S above 0.5
ppb for Site A

4.3.2 Site B

The Site B layout is presented in Figure 13. Cell 1 is an active tipping face
whereas Cell 2 is a closed cell. Since the Cell 2 was closed in early 1980’s, it was
assumed that H2S was no longer emitted from that cell. The shape of Cell 1 was
simplified to two rectangular areas. Table 22 presents area sources of the Site B H2S
emissions. Cell 1 was divided into five separate area sources according to H2S emission
distribution. The area source 3 showed the high H2S emissions.
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Figure 13 Site B layout

Table 22 Area Source of the Site B H2S Emissions
Area Source
#

Emission
Rate (g/s-m2)

Release
Height (m)

Length of X
side (m)

Length of Y
side (m)

1

7.94*10-9

0

183

213

2

-8

0

183

152

-8

0

139

152

4

-9

8.60*10

0

85

152

5

4.20*10-8

0

141

152

3

1.52*10
3.45*10
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4.3.2.1 Maximum Ground Level Concentration
The maximum expected ground level concentrations from the combined sources
for 1-hr and 3-min periods were 3.8 ppb and 6.3 to 17.0 ppb, respectively. The location of
the maximum ground level concentration was west of the landfill cell boundary line.

4.3.2.2 Estimation of Odor Concentrations
The ratios of the on-site and off-site potential maximum concentrations to the
odor detection threshold of H2S for 1-hr and 3-min periods are given in Tables 23 and 24,
respectively. The potential maximum on-site concentrations, located to the west of the
cell limits, for 1-hr and 3-min periods were 7.6 and 12.6 to 34.1 times the 0.5-ppb ODT,
respectively. Most receptor locations within the landfill property boundary line were
above the 0.5-ppb ODT. Those results are consistent with the fact that H2S odors were
detected frequently on the landfill during emission rate measurements. The potential
maximum on-site concentrations were below the 8-ppb ODT for a 1-hr period. However,
for a 3-min period, they were 0.19 to 2.3 times the 8-ppb ODT.
The potential maximum off-site concentrations for 1-hr and 3-min periods,
located 150 m away from the southeast of the landfill property boundary line, were 7.5
and 12.3 to 33.4 times the 0.5-ppb ODT, respectively. Detectable levels of H2S odor were
predicted off-site for both 1-hr and 3-min concentrations, which could cause an odor
nuisance to residents around the landfill. The potential off-site odor concentrations for 1hr and 3-min periods were 0.47 and 0.77 to 2.09 times the 8-ppb ODT, respectively.
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Table 23 Ratio of the Maximum 1-Hr Con. to Odor Detection Threshold - Site B

a

Location

Max.1-hr conc.
(ppb)

On-site
Off-site

3.8
3.7

Ratio of max.
conc. to ODTa
(0.5 ppb)
7.6
7.5

Ratio of max.
conc. to ODT
(8 ppb)
0.48
0.47

ODT = Odor Detection Threshold

Table 24 Ratio of the Maximum 3-Min Con. to Odor Detection Thresholda – Site B

a
b

6.3 to 17.0

Ratio of max.
conc. to ODTb
(0.5 ppb)
12.6 to 34.1

Ratio of max.
conc. to ODT
(8 ppb)
0.79 to 2.13

6.2 to 16.7

12.3 to 33.4

0.77 to 2.09

Location

Max. 3-min
conc. (ppb)

On-site
Off-site

Using a peaking factor of 1.65 to 4.47
ODT = Odor Detection Threshold

Figures 14 and 15 provide the highest 1-hr and 3-min concentration contour maps,
respectively. The figures are based on four years of Orlando meteorological data from
1988 to 1991. The receptors located in the north area of the site were above the 0.5-ppb
ODT for 1-hr concentrations. The 3-min concentration contour map was created using a
peaking factor of 4.47 as the worst case. All receptors located within modeling limits
which were 2 km the north, south, east, and west from the origin were above the 0.5-ppb
ODT for 3-min period. The origin is the point of the southwest Cell 1 boundary.
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Figure 14 Contour Map of Maximum 1-Hr Conc. (ppb) for Site B
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Figure 15 Contour Map of Maximum 3-Min Conc. (ppb) for Site B
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Figures 16 and 17 provide contour maps of the frequency occurrences above the
0.5-ppb ODT for 1-hr and 3-min periods, respectively. For the most conservative
frequency results, 1989 was chosen to create the plots. The predicted 1-hr concentration
of 0.5 ppb and above would occur from 1 to as many as 119 times per year at receptors
located in the north part of the landfill property. For the 3-min concentration, the
frequency exceeding the 0.5-ppb ODT would occur more than 500 times per year at
receptors located less than 500 m north, northwest, and northeast of the site.
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Figure 16 Contour Map of Frequency (Occurrences per Year) for 1-hr H2S above 0.5 ppb
for Site B
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Figure 17 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above 0.5
ppb for Site B
Figure 18 provides a contour map of the frequency occurrences above the 8-ppb
ODT for a 3-min period. The frequency exceeding the 8-ppb ODT would occur 5 to 10
times at receptors located less than 500 m north, northwest, and northeast of the site.
There have been reported just a few odor complaints even though Site B predicted the
high ground level concentrations and frequency. The residential area is located far away
from Site B and the north part of the site is surrounded by forest.
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Figure 18 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
8 ppb for Site B

4.3.3 Site C

The Site C layout is presented in Figure 19. There are two cells in Site C. Cell 1,
located in the northeast part of the site, is an active cell whereas Cell 2, located in the
southwest, is closed. Since H2S flux rate measurements were performed on Cell 2 only;
the same emission rate was assumed for Cell 1. The shape of cells was simplified to four
rectangular areas. The release height for Cell 1 was 5.5, which were 50 percent of the
actual landfill physical heights while for Cell 2 assumed to be a ground level. Table 25
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presents area sources of the Site C H2S emissions. The area source 2 showed high H2S
emissions.
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Figure 19 Site C Layout
Table 25 Area Source of the Site C Emissions
Area Source
#

Emission
Rate (g/s-m2)

Release
Height (m)

Length of X side
(m)

Length of Y
side (m)

1

2.84*10-8

5.5

122

90

2

8.01*10-8

5.5

122

185

3

-9

5.5

610

335

-8

0

246

275

4

6.49*10
1.78*10
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4.3.3.1. Maximum Ground Level Concentration
The maximum expected ground level concentrations from the combined sources
for 1-hr and 3-min periods were 2.7 ppb and 4.4 to 12.0 ppb, respectively. The location of
the maximum ground level concentration was between the cell limits and property
boundary line.

4.3.3.2 Estimation of Odor Concentrations
The ratios of the potential maximum concentration for on-site and off-site
locations to the odor detection threshold of H2S for 1-hr and 3-min periods are given in
Tables 26 and 27, respectively. The potential maximum on-site concentrations, located to
the north/northeast of the site, for 1-hr and 3-min periods were 5.4 and 8.9 to 24.0 times
the 0.5-ppb ODT, respectively. Most receptors located within the landfill property
boundary line were above 0.5-ppb ODT. However, the potential odor on-site
concentrations were 0.34 and 0.55 to 1.5 times the 8-ppb ODT for 1-hr and 3-min periods,
respectively.
The potential maximum off-site concentrations for 1-hr and 3-min periods,
located 100 m away from the southwest of the landfill property boundary line, were 4.9
and 8.2 to 22.1 times the 0.5 ppb ODT, respectively. Detectable levels of H2S odor were
predicted off-site for both 1-hr and 3-min periods, which could cause an odor nuisance to
residents around the landfill. The potential off-site odor concentrations were 0.31 and
0.51 to 1.4 times the 8-ppb ODT for 1-hr and 3-min periods, respectively.
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Table 26 Ratio of the Maximum 1-Hr Con. to Odor Detection Threshold - Site C

a

2.7

Ratio of max.
conc. to ODT
(0.5 ppb)
5.4

Ratio of max.
conc. to ODT (8
ppb)
0.34

2.5

4.9

0.31

Location

Max.1-hr conc.
(ppb)

On-site
Off-site

ODT = Odor Detection Threshold

Table 27 Ratio of the Maximum 3-Min Con. to Odor Detection Thresholda - Site C

a
b

Location

Max. 3-min
conc. (ppb)

On-site
Off-site

4.4 to 12.0
4.1 to 11.1

Ratio of max.
conc. to ODT
(0.5 ppb)
8.9 to 24.0
8.2 to 22.1

Ratio of max.
conc. to ODT (8
ppb)
0.55 to 1.5
0.51 to 1.4

Using a peaking factor of 1.65 to 4.47
ODT = Odor Detection Threshold

Figures 20 and 21 provide the highest 1-hr and 3-min concentration contour maps,
respectively. The figures are based on four years of Orlando meteorological data from
1988 to 1991. The concentrations for receptors located at the west of the site were above
the 0.5-ppb ODT while at the east of the site were below the 0.5-ppb ODT for 1-hr
concentrations. The 3-min concentration contour map was created using a peaking factor
of 4.47 as the worst case scenario. All receptors located within modeling limits which
were 2 km the north, south, east, and west from the origin were above the 0.5-ppb ODT
for a 3-min period. The origin is the point of the southwest Cell 2 boundary.
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Figure 20 Contour Map of Maximum 1-Hr Conc. (ppb) for Site C
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Figure 21 Contour Map of Maximum 3-Min Conc. (ppb) for Site C
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Figures 22 and 23 provide contour maps of the frequency occurrences above the
0.5-ppb ODT for 1-hr and 3-min periods, respectively. The predicted 1-hr concentrations
of 0.5 ppb and above would occur from 1 to as many as 1118 times per year. Higher
frequency would be expected to occur at the north of site closed to high H2S emissions.
The frequency at the south of the site where the residential area is located would be less
than at the north of the site.
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Figure 22 Contour Map of Frequency (Occurrences per Year) for 1-hr H2S above 0.5 ppb
for Site C
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For the frequency for a 3-min period, the concentrations above 0.5 ppb occur
from 200 to as many as 1000 times per year within the landfill property boundary line.
The maximum frequency located 500 m north from the landfill property boundary line
would be around 5100 times. Again, the peaking factor of 4.47 was used to obtain 3-min
concentrations from 1-hr concentrations. Odor complaints would be expected
occasionally from residents who live close to the site.

2000

1500

1000

Site C
South-North (meter)

500

0

-500

-1000

-1500

-2000
-2000

-1500

-1000

-500

0

500

1000

1500

2000

East-West (meter)

Note: Used 1989 year of Orlando meteorological data

Figure 23 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
0.5 ppb for Site C
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Figure 24 provides a contour map of the frequency occurrences above the 8-ppb
ODT for a 3-min period. The frequency exceeding the 8-ppb ODT would occur only once
at receptors located the northwest of Site C. There have been reported just a few odor
complaints even though Site C showed high concentrations and frequency. The
residential area is located the south part of the site which showed the low H2S ground
level concentrations and frequency compared to the north part.
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Figure 24 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
8 ppb for Site C
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4.3.4. Site D

The Site D layout is presented in Figure 25. Cell 1 is closed whereas Cell 2 is an
active tipping cell. Since H2S flux rate measurements were performed on Cell 1 only, the
mean emission rate was assumed for Cell 2. The shape of cell was simplified to
rectangular areas, and the release height was assumed to be ground level. Table 28
presents area sources of the Site D H2S emissions. The area source 1 showed high H2S
emissions.
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Figure 25 Site D Layout
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Table 28 Area Source of the Site D Emissions
Area Source
#

Emission
Rate (g/s-m2)

Release
Height (m)

Length of X
side (m)

Length of Y
side (m)

1

6.15*10-8

0

129

161

2

-8

1.05*10

0

129

205

3

5.17*10-9

0

176

366

4

1.70*10-8

0

183

244

4.3.3.1 Maximum Ground Level Concentration
The maximum expected ground level concentrations from the combined sources
for 1-hr and 3-min periods were 5.1 ppb and 8.4 to 22.8 ppb, respectively. The location of
the maximum ground level concentration was 70 m southwest of the site.

4.3.3.2 Estimation of Odor Concentrations
The ratios of the potential maximum concentration for on-site and off-site
locations to the odor detection threshold of H2S for 1-hr and 3-min periods are given in
Tables 29 and 30, respectively. The potential maximum on-site concentrations, located to
the southwest of the site, for 1-hr and 3-min periods were 10.2 and 16.8 to 45.5 times the
0.5-ppb ODT, respectively. Most receptors located within the landfill property boundary
line were above the 0.5-ppb ODT. However, the potential odor on-site concentrations
were 0.64 and 1.1 to 2.8 times the 8-ppb ODT for 1-hr and 3-min periods, respectively.
The potential maximum off-site concentrations for 1-hr and 3-min periods were
9.7 and 16.0 to 43.3 times the 0.5-ppb ODT, respectively. The maximum off-site impacts
were almost the same as the maximum on-site impacts. The potential 1-hr and 3-min offsite H2S concentrations were 0.61 and 1.0 to 2.7 times the 8-ppb ODT, respecviely.
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Table 29 Ratio of the Maximum 1-Hr Con. to Odor Detection Threshold – Site D

a

Location

Max.1-hr conc.
(ppb)

On-site
Off-site

5.1
4.8

Ratio of max.
conc. to ODTa
(0.5 ppb)
10.2
9.7

Ratio of max.
conc. to ODT
(8 ppb)
0.64
0.61

ODT = Odor Detection Threshold

Table 30 Ratio of the Maximum 3-Min Con. to Odor Detection Thresholda – Site D

a
b

8.4 to 22.8

Ratio of max.
conc. to ODTb
(0.5 ppb)
16.8 to 45.5

Ratio of max.
conc. to ODT
(8 ppb)
1.1 to 2.8

8.0 to 21.7

16.0 to 43.3

1.0 to 2.7

Location

Max. 3-min
conc. (ppb)

On-site
Off-site

Using a peaking factor of 1.65 to 4.47
ODT = Odor Detection Threshold

Figures 26 and 27 provide the highest 1-hr and 3-min concentration contour maps,
respectively. The figures are based on four years of Orlando meteorological data from
1988 to 1991. The concentration for receptors located 1500 m from the western and
northern landfill property boundary line were above 1.0 ppb for 1-hr concentrations. The
3-min concentration contour map was created using a peaking factor of 4.47 as the worst
case scenario. All receptors located within modeling limits which were 2 km the north,
south, east, and west from the origin were above the 0.5 ppb ODT for 3-min period.
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Figure 26 Contour Map of Maximum 1-Hr Conc. (ppb) for Site D
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Figure 27 Contour Map of Maximum 3-Min Conc. (ppb) for Site D
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Figures 28 and 29 provide contour maps of the frequency occurrences above the
0.5-ppb odor detection threshold for 1-hr and 3-min periods, respectively. The predicted
1-hr concentrations of 0.5 ppb and above would occur from 1 to as many as 230 times per
year. The location of the highest frequency was southwest of the cell limit (on-site).
Higher frequency would be expected to occur on-site than off-site. The frequency would
be less than ten times per year at receptors located more than 1000 m away from the
property boundary line.

2000

1500

1000

South-North (meter)

500

0

Site D

-500

-1000

-1500

-2000
-2000

-1500

-1000

-500

0

500

1000

1500

2000

East-West (meter)

Note: Used 1989 year of Orlando meteorological data

Figure 28 Contour Map of Frequency (Occurrences per Year) for 1-Hr H2S
above 0.5 ppb for Site D
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For the 3-min frequency, the concentrations above 0.5 ppb occur from 300 to as
many as 1500 times per year within the landfill property boundary line. The frequency
for off-site receptors located 1000 m away from the landfill property boundary line would
be around 100 times. Again, the peaking factor of 4.47 was used to obtain 3-min
concentrations from 1-hr concentrations. Odor complaints would be expected
occasionally from residents who live close to Site D.
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Figure 29 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
0.5 ppb for Site D
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Figure 30 provides a contour map of the frequency occurrences above the 8-ppb
ODT for a 3-min period. The frequency exceeding the 8-ppb ODT would occur 20 to 100
times at receptors located within site. There have been reported just a few odor
complaints even though Site D showed high ground level concentrations and frequency.
The residential area is located far away from Site D and the north part of the site is
surrounded by forest.
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Figure 30 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
8 ppb for Site D
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4.3.5 Site E

The Site E layout is presented in Figure 31. The shape of the landfill was
simplified to a rectangular area. Table 31 presents area sources of the Site E H2S
emissions. The landfill area was divided into five area source emissions to account for the
spatial distribution of H2S emissions. The highest flux reading in Site E was added as a
separate area source and assumed to area of 100 m2 (10 m by 10 m), which is 0.15 % of
total landfill cell area. The release height was 8.3 m which is 50 % of the actual landfill
physical height.

243 m Property Boundary Line

N
153 m Property Line

Area 1
366 m

Area 4
Area 5

Area 3

183 m
396 m Property Boundary Line

Figure 31 Site E Layout
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457 m Property Boundary Line

396 m Property Boundary Line

Area 2

Table 31 Area Source of the Site E Emissions
Area Source
#

Emission
Rate (g/s-m2)

Release
Height (m)

Length of X
side (m)

Length of Y
side (m)

1

2.52*10-8

8.3

74

124

2

-9

4.59*10

8.3

74

136

3

4.17*10-9

8.3

74

106

4

2.86*10-9

8.3

109

366

5

3.24*10-5

8.3

10

10

4.3.5.1 Maximum Ground Level Concentration
The maximum expected ground level concentrations from the source for 1-hr and
3-min periods were 3.6 ppb and 5.9 to 15.9 ppb, respectively. The location of the
maximum ground level concentration was 180 m east of the landfill property boundary
line (off-site).

4.3.5.2 Estimation of Odor Concentrations
The ratios of the potential maximum concentration within the property boundary
line (on-site) and off-site locations to the odor detection threshold of H2S for 1-hr and 3min periods are given in Tables 32 and 33, respectively. The potential maximum on-site
concentrations, located to the south of the cell limit, for 1-hr and 3-min periods were 5.7
and 9.3 to 25.3 times the 0.5-ppb ODT, respectively. Most on-site receptor locations were
below the 0.5-ppb ODT for both 1-hr and 3-min periods. However, the potential odor onsite concentrations were 0.35 and 0.58 to 1.6 times the 8-ppb ODT for 1-hr and 3-min
periods, respectively.
The potential maximum off-site concentrations for 1-hr and 3-min periods were
7.1 and 11.8 to 31.8 times the 0.5-ppb ODT, respectively. Detectable levels of H2S odor

86

were predicted off-site for both 1-hr and 3-min periods, which could cause an odor
nuisance to residents around the landfill. The potential off-site odor impacts were 0.44
and 0.73 to 2.0 times the 8-ppb ODT for 1-hr and 3-min periods.
Table 32 Ratio of the Maximum 1-Hr Con. to Odor Detection Threshold – Site E

a

Location

Max.1-hr conc.
(ppb)

On-site
Off-site

2.8
3.6

Ratio of max.
conc. to ODT
(0.5 ppb)
5.7
7.1

Ratio of max.
conc. to ODT
(8 ppb)
0.35
0.44

ODT = Odor Detection Threshold

Table 33 Ratio of the Maximum 3-Min Con. to Odor Detection Thresholda – Site E

a
b

Location

Max. 3-min
conc. (ppb)

On-site
Off-site

4.7 to 12.7
5.9 to 15.9

Ratio of max.
conc. to ODT
(0.5 ppb)
9.3 to 25.3
11.8 to 31.8

Ratio of max.
conc. to ODT
(8 ppb)
0.58 to 1.6
0.73 to 2.0

Using a peaking factor of 1.65 to 4.47
ODT = Odor Detection Threshold

Figures 32 and 33 provide the highest 1-hr and 3-min concentration contour maps,
respectively. Both on-site and off-site receptor locations were all above the 0.5-ppb ODT
for 1-hr and 3-min concentrations. The 3-min concentration contour map was created
using a peaking factor of 4.47 as the worst case scenario. Based on these observations,
likelihood of detectable odors around the landfill site for residents and landfill workers
were very high.
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Figure 32 Contour Map of Maximum 1-Hr Con. (ppb) for Site E
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Figure 33 Contour Map of Maximum 3-Min Conc. (ppb) for Site E
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2000

Figures 34 and 35 provide contour maps of the frequency occurrences above the
0.5-ppb odor detection threshold for 1-hr and 3-min periods, respectively. The predicted
1-hr concentrations of 0.5 ppb and above would occur from 1 to as many as 220 times per
year. The location of the highest frequency was the south part of the site (on-site). Higher
frequency would be expected to occur on-site than off-site. The frequency would be less
than 10 times per year at receptors located more than 1000 m away from the property
boundary line.
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Note: Used 1989 year of Orlando meteorological data

Figure 34 Contour Map of Frequency (Occurrences per Year) for 1-Hr H2S
above 0.5 ppb for Site E
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For the 3-min frequency, the concentrations above 0.5 ppb occur from 150 to as
many as 550 times per year within the landfill property boundary line. The frequency for
off-site receptors located 1000 m away from the landfill property boundary line would be
50 to 100 times. Again, the peaking factor of 4.47 was used to obtain 3-min
concentrations from 1-hr concentrations. Odor complaints would be expected
occasionally from residents who live close to the site.
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Figure 35 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S
above 0.5 ppb for Site E
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Figure 36 provides a contour map of the frequency occurrences above the 8-ppb
ODT for a 3-min period. The frequency exceeding the 8-ppb ODT would occur 5 to 10
times at receptors located less than 500 m around the site. Site E has had most odor
complaints from residents during past five years. High ground level H2S concentrations,
high frequency, and the residential area being close to the site could be main reasons for
many odor complaints.
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Figure 36 Contour Map of Frequency (Occurrences per Year) for 3-Min H2S above
8 ppb for Site E
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4.3.6 Summary and Discussion of the Modeling Results

If the predicted time-averaged concentrations are several times greater than odor
detection thresholds, then the chances of odor detection are high. However, the sense of
odor does not linearly increase with the concentration, but logarithmically (Amoore,
1985; Song, 1991; Cooper et al., 2001). The perceived intensity of odor sensation for H2S
pollution increases only about 20 percent for each doubling of the concentration (Amoore,
1985).
Based on the modeling results presented in Table 34, odor nuisance complaints
would be expected from Sites B, C, D, and E. Sites C and E results suggest relatively low
ground level H2S concentrations compared to Site B and D. This may be due to higher
Table 34 Summary of Dispersion Modeling Results
Site
Total Source Area
(m2)
Predicted Max.1-hr
Conc. (ppb)
Predicted Max. 3min Conc. (ppb)
b
Predicted Max.
Frequency for 1-hr
(occurrences / year)
b
Predicted Max.
Frequency for 3-min
(occurrences / year)
C
Predicted Max.
Frequency for 3-min
(occurrences / year)

Site A

Site B

Site C

Site D

Site E

139000

122000a

305000

156000

67000

0.37

3.8

2.7

5.1

3.6

1.7

17.0

12.0

22.8

15.9

0

119

1118

230

220

100

5185

4062

1474

542

0

169

2

253

18

a

The area of Cell 2 is not included in the total area, assuming no H2S emissions
Occurences above the odor detection threshold of 0.5 ppb
c
Occurences above the odor detection threshold of 8.0 ppb
b

92

release height which leads to lower predicted ground level concentrations due to dilution
of H2S with air.
It should be noted that the lowest concentration from H2S exposure guidelines
regarding human’s health and safety is 30 ppb which is higher than the maximum
concentrations from all the landfill modeling results for this study. Therefore, it could be
concluded that the H2S emissions from C&D landfills present no health and safety risk.
It is assumed that the emission rates are constant during given years and are not
affected by weather conditions. However, H2S emissions from landfill surface are highly
variable and sensitive to wind, moisture content of wastes, waste compositions, waste age,
temperature, dissolved oxygen, pH, and rainfall. Also, there is a possibility that H2S
emission rates might be underestimated since the flux measurements for the active
tipping face, generally higher than capped surfaces, were rarely performed due to safety
concerns. Moreover, all measurements were performed during the rainy summer season
which occasionally prevented emissions from landfill surfaces by reducing permeability
and dissolving H2S.
In addition, only H2S was used as an odor source. Other odorous reduced sulfur
compounds such as dimethyl sulfide, ethyl mercaptan, i-propyl mercaptan, t-butyl
mercaptan, metyl n-propyl disulfide, dimethyl trisulfide, and thiophene could be emitted
from C&D landfills even though these compounds are expected to be found at lower
concentrations than H2S (Bogner and Heguy, 2004).
Florida Department of Environmental Protection (FDEP) has recorded odor
complaints from nearby residents and businesses; these complaints are tabulated in Table
35. Unfortunately, the FDEP has not kept track of all odor complaints made over the
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phone calls. Only Site E has recorded phone call complaints due to its consistent odor
problems. Therefore, it could be assumed that more odor complaints were reported than
are shown in Table 35. The FDEP has received “a few” odor complaints at Site D in 2003,
but an exact number of complaints was unavailable. The modeling results for Sites B, C,
D, and E are consistent with the sites’ odor complaint history. As mentioned earlier,
Site E has had most odor complaints among five landfills. It could be due to the location
of the residential area, high ground level concentrations, and high frequency.

Table 35 Number of Odor Complaints for Each Site (As of July 8, 2004)
Site A

Site B

Site C

Site D

Site E

1998

0

9

0

0

28

1999

0

1

0

0

39

2000

0

0

0

0

20

2001

0

0

5

0

11

2002

0

0

0

0

9

2003

0

0

1

“A few”

2
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
The purpose of this research was to quantify H2S emission rates from C&D
Landfills and predict an impact of H2S emissions on landfill workers and communities
around the landfills. The following conclusions could be drawn from the results of this
research:
1. The dynamic chamber method provided more reliable emission data for the
application of H2S emissions, while the static mode showed non-linearity for
accumulated concentrations versus time.
2. Spatial variations of H2S emission were evident at all five landfills selected for
this research. This phenomenon made it difficult to estimate H2S emission rates
on the landfill surface.
3. The range of H2S emission rates measured in this research was three to six
orders of magnitude lower than methane emission rates reported in the literature.
4. Based on the modeling results, the H2S emissions from C&D landfills presented
no health and safety risk compared to the safety guidelines from several agency
and organizations.
5. Odor complaints could be expected from four among five landfills based on the
modeling results and the 0.5-ppb odor detection threshold. Generally,
on-site odor concentrations were higher than off-site concentrations. Those
landfills should reconsider setback distance between the landfill cell limits and
residential areas or should try different cover soils to control the H2S odor
emissions.
The following recommendations are based on research results:
1. Temporal variation in H2S emission should be studied through longer term
measurements since all measurements were performed during summer season.
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2. Additional studies of internal landfill conditions are recommended to investigate
microbial activitiy and to provide better interpretation of H2S emissions from
C&D landfills.
3. More point data, at least 30 measurements per site, are recommended to account
for spatial variations and to calculate accurate total and mean emission rates.
4. Further research studies are recommended to validate the modeling results. For
instance, field measurements for the ambient ground level concentration, should
be considered.
5. The flux chamber should be evaluated for precision (repeatability) and accuracy
under laboratory condition.
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APPENDIX A
EXAMPLE OF ISCST3 INPUT FILE
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** LANDFILL ODOR MODELING Jay Eun
** odor detection threshold for H2S is 0.71 ug/m3 (0.5 ppb)
CO STARTING
TITLEONE
MODELOPT
AVERTIME
POLLUTID
RUNORNOT
EVENTFIL
ERRORFIL
CO FINISHED

LFMODEL JayEun
DFAULT RURAL CONC
1 PERIOD
H2S
RUN
EVENTEXP.INP
ERRORS.OUT

SO STARTING
**
SOURCE ID TYPE
X
Y
Z
LOCATION CRLF1
AREA
0.0
0.0
0.0
CRLF2
AREA
0.0 153.0
0.0
CRLF3
AREA 126.0
0.0
0.0
CRLF4
AREA
0.0 290.0
0.0
** AREA Source
Aremis
Relhgt
X
** Parameters:
---------SRCPARAM CRLF1 0.00000000222
0.4
305.0
CRLF2 0.00000000127
0.0
126.0
CRLF3 0.00000000150
0.0
290.0
CRLF4 0.00000000127
0.0
305.0
SRCGROUP ALL
SO FINISHED
RE STARTING
GRIDCART

GRIDCART
RE FINISHED

CAR1

CAR1

STA
XPNTS
XPNTS
XPNTS
YPNTS
YPNTS
YPNTS
YPNTS
END

Y
---457.0
137.0
170.0
167.0

-2000.0 -1500.0 -1000.0 -500.0
-100.0
0.0
100.0 200.0
500.0
600.0
700.0 1000.0
-2000.0 -1500.0 -1000.0 -500.0
-100.0
0.0
100.0 200.0
500.0
600.0
700.0 800.0
1100.0 1500.0 2000.0

Angle
----0
0
0
0

-300.0
300.0
1500.0
-300.0
300.0
900.0

-200.0
400.0
2000.0
-200.0
400.0
1000.0

ME STARTING
** Make sure the orl88-91.asc is in the same directory of exe. file
** and you can avoid the pathway problems
INPUTFIL ORL88-91.ASC
ANEMHGHT 10 METERS
SURFDATA 12815 1988 ORLANDO
UAIRDATA 12842 1988 RUSKIN
ME FINISHED
OU STARTING
RECTABLE
MAXTABLE
pLOTFILE
OU FINISHED

ALLAVE
ALLAVE
1 All

FIRST
50
FIRST

545LF.pLT
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APPENDIX B
STATIC FLUX CHAMBER METHOD RESULTS
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Figures 37 to 42 show the concentration change with time to get the value of
dC/dt for a static mode. The concentration gradient is obtained from the measurement of
concentrations inside the chamber at 10 min time intervals. Total sampling times were 60
to 90 minutes. As mentioned earlier in Chapter 4, the R2 should be more than 0.7 for
dC/dt to use the data, otherwise it is regarded as non-detect data.
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Figure 37 H2S Concentration vs. Time at Location 1 of Site A
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Figure 38 H2S Concentration vs. Time at Location 4 of Site A
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Figure 39 H2S Concentration vs. Time at Location 1 of Site B
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Figure 40 H2S Concentration vs. Time at Location 2 of Site B
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Figure 41 H2S Concentration vs. Time at Location 5 of Site B

102

60

160

y = 7.8571x + 67.143
R2 = 0.1282

H2S Conc. (ppb)

140
120
100
80
60
40
20
0
0

10

20

30

40

50

Tim e (Min)

Figure 42 H2S Concentration vs. Time at Location 6 of Site B
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APPENDIX C
FLUX CHAMBER MIXING RESULTS
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The changes in concentration before reaching the retention time were measured in
Sites C and D as shown in Figures 43 to 55. If the chamber is behaving as a CSTR, the
H2S concentration decreases with time until reaching a steady state. A similar trend over
all locations implies that the concentration decreased until the retention time was reached
as a typical trend of a complete mixed reactor. If the sweep air velocities increase, the
turbulence inside chamber increases resulting in better mixing (Walker, 1991).
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Figure 43 H2S Conc. vs. Residence Time at Location 3 of Site D
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Figure 44 H2S Conc. vs. Residence Time at Location 4 of Site D
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Figure 45 H2S Conc. vs. Residence Time at Location 5 of Site D

106

50

H2S C o n c . (p p b )

25
20
15
10
5
0
0

10

20

30

40

50

Operation Time (Min)

Figure 46 H2S Conc. vs. Residence Time at Location 6 of Site D
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Figure 47 H2S Conc. vs. Residence Time at Location 7 of Site D
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Figure 48 H2S Conc. vs. Residence Time at Location 8 of Site D
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Figure 49 H2S Conc. vs. Residence Time at Location 9 of Site D
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Figure 50 H2S Conc. vs. Residence Time at Location 10 of Site D
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Figure 51 H2S Conc. vs. Residence Time at Location 15 of Site D
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Figure 52 H2S Conc. vs. Residence Time at Location 16 of Site D
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Figure 53 H2S Conc. vs. Residence Time at Location 13 of Site E
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Figure 54 H2S Conc. vs. Residence Time at Location 17 of Site E
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Figure 55 H2S Conc. vs. Residence Time at Location 19 of Site E
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